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There is a growing demand to develop more efficient and cost effective energy 
storage systems with high energy density, stable output and longer life span due to the 
rapid depletion of fossil fuels. Among the currently available energy storage systems, 
rechargeable lithium ion batteries (LIBs) are considered as the most promising 
candidates for the applications such as electric vehicles (EVs) and hybrid electric 
vehicles (HEVs). In LIBs configuration, developing nanostructures is a primary and 
promising strategy to improve the performance, as nanostructures have short Li ions 
diffusion length, high electrolyte/electrode contact area and unique chemical and 
physical properties over their bulk counterparts. 
Commercial LIBs usually use LiCoO2 as the positive electrode and graphite as the 
negative electrode. Graphite can form LiC6 compound during lithiation and has a 
Li-storage capability of 372 mA h g
-1
, which poses a storage limitation for 
high-energy applications. Besides the capacity limitation, graphite anode also faces 
severe safety problems of lithium plating during high current operation. One solution 
to overcome this problem is to develop other LIB anode materials. Binary metal 
oxides emerge as one choice serving as the promising LIB anode alternative, in view 
of their high theoretical energy capacity vs. graphite, earth abundance and low cost.  
Pure Fe2O3 has a high theoretical capacity up to 1007 mA h g
-1
, which is two times 
higher than that of graphite.   
The primary goal of this project is to better understand the fundamentals of novel 
nanostructured composite materials designs, and then thoroughly investigate their 
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structure, morphological and basic properties (e.g. crystal structures, crystal size, 
morphological properties, specific surface area and composition content) during 
lithium ion insertion and extraction process. With the knowledge of the relationship 
between structure, properties and electrochemical performance, the LIBs can be more 
rationally designed. 
Firstly, TiO2 hollow nanofibers were synthesized by co-axial electrospinning and 
employed as anode in half-cell (Li/TiO2) and full-cell assembly with olivine 
phosphate (LiFePO4/TiO2) to evaluate the battery characteristics. These one 
dimensional (1D) hollow porous nanofibers are found attractive on virtue of their 
unique structure, chemical stability and high specific surface area, which may benefit 
of higher flux of lithium ion across the electrode/electrolyte interface leads to the 
facile diffusion of cations. Another approach to improve the Li-ion insertion 
efficiency of titania is to fabricate composite nanostructured electrodes, which 
interconnect titania with an electron conducting material (such as graphene) that 
provides a facile electron pathway. It is of significant interest to fabricate electrospun 
TiO2-Graphene (TiO2-G) nanofibers. Promising high rate lithium intercalation 
behavior was exhibited by TiO2-Graphene nanofibers as compared to the pristine 
demonstrating their potential as a prospective anode for high performance LIB 
applications. Lastly the Fe2O3-carbon hybrid ultralong nanofibers were prepared by 
the well-established electrospinning technique. The synthesized Fe2O3-carbon 
composite nanofibers are used as the Li-ion battery anode and dramatical 
enhancement in cyclic stability and reversible specific capacity can be achieved. The 
ix 
 
composite structure of Fe2O3 nanocrystal highly distributed in carbon nanofibers 
matrix has the following advantages: The carbon matrix prevents the pulverization 
and aggregation of the Fe2O3 nanoparticles, accommodates the large volume change 
of Fe2O3 particles during cycling, improves the electronic conductivity and electrical 
contact with the active materials; the one dimensional characteristics of the 
nanocomposite provide a good mechanical integrity of the electrode. 
To conclude, the electrospun one dimensional nanofibers with attractive unique 
structure, chemical stability and high specific surface area help to gain the benefits of 
higher flux of Li ions across the electrode/electrolyte interface, leading to the facile 
diffusion of Li ions. With the knowledge of the advantages of the unique structure of 
nanofibers, hollow TiO2 was fabricated and showed good electrochemical 
performance. Interconnecting TiO2 nanofibers with an electron conducting material 
(graphene) would help to further enhance the Li-ion insertion efficiency. The unique 
structure of Fe2O3/C nanofibers by dispersing Fe2O3 nanoparticles into the carbon 
matrix prevents the pulverization and aggregation of the Fe2O3 nanoparticles, 
accommodates the large volume change of Fe2O3 nanoparticles during cycling, and 
improves the electronic conductivity and electrical contact with the active materials. 
The one dimensional characteristics of the nanocomposite provide a good mechanical 
integrity of the electrode, and it was showed to be a good candidate for the electrode 
materials. Electrospinning is proved to be a convenient and scalable technique to 
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Chapter 1 Introduction  
Nowadays, most of the energy is generated from fossil fuel. However, fossil fuels are 
the main cause of global warming and gradually depleting. As a result, more and more 
attention was put to develop electrical energy storage system, supplying a clean and 
sustainable energy, which could help to lower the dependence on fossil fuel. Because 
of the intermittent and cyclic nature of electricity generation from renewable and 
sustainable sources (such as solar, wind, and geothermal), energy storage systems are 
highly in demand to manage the mismatch between electricity generation and demand. 
Varieties of energy storage solutions as chemical, mechanical, and magnetic storage 
are being presently developed. Among them, batteries provide the most effective 
mean to convert chemical energy to electrical energy and vice-versa by 
electrochemical redox reaction. Compared to the conventional nickel-metal hydride 
(Ni-MH), nickel-cadmium (Ni-Cd), and lead acid batteries, lithium ion batteries (LIBs) 
have attracted the most attention because of the higher volumetric and gravimetric 
energy capabilities, which can function as the primary power sources in portable 
electronics (mobile phone, laptop, ipad, cordless tool and portable implantable 
medical devices). In addition, the self-discharge in LIBs is less than that in 
nickel-cadmium (Ni-Cd) and nickel-metal hydride (Ni-MH), leading to less harm 
when disposed. LIBs have been widely explored and demonstrated their ability in the 
past 10 years to serve as the clean energy transportation system such as electric 




The development of Lithium batteries origins back to 1970s when M. S. 
Whittingham applied the titanium (IV) sulfide and lithium metal as the electrodes to 
fabricate the first lithium battery.
1
 The primary lithium batteries with metallic lithium 
anodes encounter safety issues. After that, lithium-ion batteries were developed with 
both electrodes containing lithium ions. Shortly after, John Goodenough and Koichi 
Mizushima demonstrated a rechargeable cell with voltage in the 4 V range 
using lithium cobalt oxide (LiCoO2) as cathode and lithium metal as anode at Oxford 
University in 1972. 
2
 In 1980s, Rachid Yazami demonstrated the reversibly process of 
lithium intercalated in graphite through an electrochemical mechanism using a solid 
electrolyte.
3, 4
 Since then, graphite developed by R. Yazami served as the most 
commonly used anode in commercial lithium ion batteries. In 1985, Akira 
Yoshino fabricated a prototype cell using carbonaceous material as anode and lithium 
cobalt oxide (LiCoO2) as cathode, which is stable in air.
5
 By using materials without 
metallic lithium, the safety of the batteries can be dramatically improved. The first 
commercial Lithium ion battery was introduced by Sony in the 1990s, in which  
specialty graphite, and later mesocarbon microbeads (MCMB) of graphite was used as 








1.1 Lithium ion battery 
1.1.1 Principles of lithium ion battery 
 
 
Figure 1-1. Illustration of the charging-discharging process involved in a lithium ion 
battery cell consisting of layered LiCoO2 as cathode and graphite as anode.
6
 Reprinted 
with permission from ref. 6 
LIBs are comprised of four mains components: lithium intercalation compounds 
(LiCoO2) as cathode, graphitic carbon as anode, liquid electrolyte which provides the 
medium for transfer of charge between anode and cathode, a separator which prevent 
internal short-circuit in the LIBs, and current collectors (Fig 1-1).
7
 Energy storage and 
supply is done through lithium ions insertion/extraction between anode and cathode. 
During discharging, lithium ions are released from the anode to the electrolyte, diffuse 
through the electrolyte which is an ion conductor but electrical insulator, and 
intercalated into the cathode. Spontaneously, the electrons are moving from the anode 
4 
 
to the cathode through the external circuit to provide energy to any load connected to 
the battery. During charging, the lithium ions diffuse reversiblly from cathode to 
anode through electrolyte. The electrons are driving back from cathode and anode by 
external circuit, storing chemical energy in the LIBs. 
8, 9
 A typical commercial battery 
employs LiCoO2 as the cathode, graphite as the anode, and LiPF6 dissolved in a mixed 
organic solvent of ethylene carbonate and dimethyl carbonate as electrolyte.   
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The reaction is reversed in charging process and LIBs can be recharged following 
the next discharging process. The ionic current density depends on the rate of ion 
transfer in the electrolyte, across the electrode/electrolyte interface, and intercalation 
in electrode. Therefore, the reversible capacity decreases because the ionic motion 
through electrolyte, electrode/electrolyte interface and electrode materials are too 
slow to reach the equilibrium charge distribution. The specifications of typical 
commercial secondary batteries (including lead acid, NiCd, NiMH and Li-ion 
batteries) are summarized in table 1-1. 
Table 1-1 Specifications of typical commercial rechargeable batteries 
5 
 
Specifications Lead Acid NiCd NiMH 
Li-Ion 






30-50 45-80 60-120 150-190 100-135 90-120 
Cycle life  200-300 1000 300-500 500-1000 500-1000 1000-2000 
Fast charging 
time (h) 
8-16 1 2-4 2-4 <1 <1 
Cell voltage 
(V) 




















































5 20 30 <10 <10 <10 
Maintain 
requirements 






Safety   Thermal 
stable 
Thermal stable, fuse 
protection common 
Protection circuit mandatory 
Overcharge 
tolerance 
high moderate low low low low 





Figure 1-2. Schematic diagram of thermodynamic potential window in LIBs. 
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Reprinted with permission from ref. 10 
A schematic diagram of the thermodynamic potentials window of anode, cathode 
and electrolyte of LIBs is shown in Fig 1-2. The anode is the reductant, whereas the 
cathode is the corresponding oxidant. Eg is the energy separation of the lowest 
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital 
(HOMO) of the electrolyte. The electrochemical potential of the electronic conductive 
cathode and anode are defined to be μC and μA respectively. Unless a passivation 
solid/electrolyte interphase layer (SEI) creates a barrier to electron transfer in 
electrode/electrolyte interface, an anode with a μA above the LUMO will reduce the 
electrolyte; whereas a cathode with a μC below the HOMO will oxidize the electrolyte. 
Therefore, thermodynamic stability requires locating the electrochemical potentials μA 
and μC within the window of the electrolyte, which constrains the open circuit voltage 
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Voc of full cell to eVoc = μA -μC ≤ Eg. e is the magnitude of the electron charge.
10
 As 
shown in Fig 1-2, ΦA and ΦC are the anode and cathode work functions. Because of 
the formation of SEI layer in the electrode/electrolyte interface, the electrochemical 
potentials μA and μC have a shift to LUMO and HOMO respectively, leading to a 
larger Voc.
7, 9, 11, 12
 
The cell voltage (E) of LIBs can be expressed by the difference between anode and 
cathode. Furthermore, the cell voltage can be determined by free energy of 
electrochemical reaction (ΔG).  
ΔG = ΔH-TΔS 
where ΔG is the Gibbs free energy, the available energy in a reaction for the useful 
work; ΔH is the enthalpy, the energy released by the reaction; ΔS is the entropy, and 
T is the absolute SEI perature, TΔS is the heat associated with the reaction.  
ΔG = -nFE 
where n is number of electrons involved in stoichiometric reaction; F is the Faraday 
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1.1.2 Challenges associated with lithium ion battery 
With over 30 years of LIB development, there are still some major challenges 
associated with the advancement of the current LIBs technology, which are briefly 
described as follows: 
(1) The obtainable capacity is lower than the theoretical capacity and diminishes with 
the rate of cycling. It attributed to the active materials and carbon particles cannot 
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maintain the same phase structure, volume and morphology and connect to metal 
electrode during cycling.   
(2) The power density is insufficient for the intended applications. Because the ions 
transportation rate is much lower in electrolyte and electrode/electrolyte interface at 
high current density, it cannot reach the charge equilibrium.  
(3) The energy efficiency is too low due to large polarization effect at the electrode, 
which lowers the operating voltage and electrochemical reaction rate during charge 
and discharge; but the energy efficiency is higher during more cycling.  
(4) The cycling life is limited due to capacity fading with charging/discharging. The 
fading originates from the electrode microstructure changes during cycling.
13
 Due to 
electrical isolation of active materials, deterioration in connectivity between carbon 
particles and the particles of active materials may lead to capacity fading
13
 and 
increasing resistance to charge transport. 
1.1.3 Issues and limitations in lithium ion battery 
Even with the advancement in the LIB technology, there are still some factors limiting 
the performance of the existing LIBs such as the deterioration in microstructure or 
architecture of the electrodes associated with volume expansion or contraction, phase 
transformation, and morphology change of the active electrode materials and the 
formation of insulating phase during charging/discharging process. They are 
described in details as follows:  
(1) The first factor is the volume change of active electrode materials during the 
lithium insertion and extraction process.  This volume expansion or contraction of 
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electrode materials during the lithium insertion and extraction would induce stress and 
strain in the electrodes, leading to the pulverization of active electrode materials or 
mechanical disintegration of the electrode. Then the electrical isolation of more active 
particles/phase from current collection, reduced connectivity between carbon particles 
and increased resistance to the transport of electro-active species to or form active 
sites would lead to gradual fading in obtainable capacity and rate of operation.
13
 This 
phenomenon of volume change can be seen in all electrode materials during cycling, 
but especially severe in Li alloying compounds. For example, the molar volume of 
Li4.4Si is around 4 times that of Si.
14
 The large cyclic volume change upon 
alloying/de-alloying of Li in Si pulverizes the electrodes during cycling, resulting in a 
great decrease in the performance.
13
 
(2) The second factor affecting the performance will be the phase transformation 
during the Li insertion and extraction process. The crystal structure of the active 
electrode materials may change and a new phase with poor electronic or ionic 
conductivity could form, which would degrade the flexibility for the Li ion insertion 
or extraction, and thus diminished capacity retention. One example would be 
LiMn2O4. This specific compound could phase change from the cubic structure to the 
tetragonal structure, leading to severe capacity fading, more so at a higher cycling rate. 
This structural change may be inherent to a particular composition under certain 
conditions.
13
 One way to overcome is decreasing the crystallite size and it is proven 
that nanostructured electrodes are effective in improving the kinetics of phase 
transformation and minimizing undesirable consequences. For example, when 
10 
 
ultrathin LiMn2O4 nanowires with diameters less than 10 nm were used as cathodes, 
more facile structural transformation was observed in a large composition range with 
high reversibility and good capacity retention.
15
 
(3) A third limiting factor is the morphology and microstructure change.  In 
addition to volume and phase change, another type of change in the shape, size, 
distribution, and connectivity of each phase in a composite electrode could also be 
seen and those changes may lead to undesirable re-distribution or segregation of 
phases, subsequently resulting in the electrical isolation of active electrode materials, 
weakening connectivity between carbon particles, and worsening transport of 
electro-active reactants to active sites. For example, the formation of lithium dendrite 
during cycling could cause partial shorting of the two electrodes and eventually 
catastrophic failure of battery operation.
13
 
The performance of the current LIBs is limited by the composition, morphology, 
and the microstructure of the electrode materials used. Thus in order to obtain long 
cycling life, the electrode materials should have several characteristics including the 
high specific charge density (available charge per unit mass and volume of the 
material), high cell voltage (difference between the redox potentials of the cathode 
and the anode materials), high reversibility of electrochemical reactions, with 
minimum change in the dimension, crystal structure, and morphology of the 
functional components during cycling.
13
 To obtain high power density or rate 
capability, it is necessary for the electrode materials to have proper architecture and 
nano-structure, which could facilitate the fast charge transfer across interfaces and 
11 
 
rapid transport of reactants to active sites for electrode reactions.
16
 Thus, the 
challenges facing now would be the design of electrode materials with proper 
composition, morphology, microstructure, and architecture to create a new generation 
of batteries with performance far better than those of the existing ones. 
16
 
1.1.4 World market of lithium ion battery 
The global market for lithium ion batteries is fast growing and can cross $31.4 billion 
by 2015 (Fig 1-3). Their characteristics as a high power and high capacity cells allow 
them to increase penetration into large-format applications and their key performance 
characteristics enable them to increase market penetration. However, currently the 





Figure 1-3. Global lithium ion battery market revenue forecast. 
17
 Reprinted with 
permission from ref. 17 
1.2 Unique attributes of nanostructured electrode materials 
Comparing with their bulk form, the nanostructure materials have different properties.  
The first will be the fast transport of mobile species in the nanostructure.  The length 
12 
 
scales of electrons, ions, and molecules in LIBs usually fall in the order of 0.1–
100 nm in typical electrochemical systems. It is well accepted that when the 
dimension of materials, grains, or domains becomes comparable to the characteristic 
length scale of phonons, photons, electrons, ions, and molecules, many physical 
phenomena involving them are strongly influenced, and new modes for the transport 
of charge, mass, and energy can be obtained. Thus some unique physicochemical 
properties of materials and novel reaction pathways can become operative in the 
nanoscale regime and it is possible for the materials with proper nano-scale 
dimensions and architectures to dramatically enhance the transport of electrons, ions, 
and molecules associated with cycling of LIBs, leading to significant acceleration of 
the rate of chemical and energy transformation processes.
13
 
The second is the enhanced surface reactivity compared to that in the bulk form.  
With the decrease in the crystallite size, the dispersion defined as the ratio of surface 
atoms to that of bulk atoms is dramatically increased. Surface atoms have fewer 
neighbors than the atoms inside the bulk and thus have lower coordination numbers 
and more unsatisfied bonds. Compared with bulk atoms, these atoms in the corner or 
edge with more unsaturation will be relatively more reactive. The large surface free 
energy, surface defects, and surface states may critically influence the chemical 
reactivity of materials.
18
 For example, there could be higher density of corner and 
edge atoms, which have even lower coordination numbers and greater activity toward 
other atoms and molecules. Thus with the increase of these edge and corner atoms, it 
is possible to enhance the electrochemical reaction rate. The fundamental factors 
13 
 
influencing the phase stability and structural transformations is the surface free energy 
and stress/strain of nanomaterials, which consequently influence the electrochemical 
and catalytic activities. The surface energy increases dramatically with decreasing 
particle size. As a result, phases that may not be stable in bulk materials can become 
stable in nanostructures and vice versa. This structural instability associated with size 
has been observed in many materials systems.
19, 20
 This size-induced modification of 
lattice parameters was reported in nanomaterials.
21
 
Lastly the mechanical robustness of nanostructured materials is greatly improved 
compared to those in their bulk form. It is well accepted that nanostructured materials 
exhibit significantly enhanced mechanical strength, toughness, and structural 
integrity.
22-24
 The underlying mechanisms leading to this improvement are yet to be 
fully understood and nanocrystalline materials with grain size less than 100 nm are 
still a subject of active research. 
25, 26
 
1.2.1 Unique advantages of nanostructured electrode for lithium ion 
battery 
The advancement in the fabrication of materials with various nanostructures or 
nano-architectures allow us to transcend the difficulties facing the development of 
electrodes and many benefits can be obtained then, which are briefly summarized 
below.  
(1) The dimensions of nano-sized electrode materials effectively shorten the Li
+ 




 transport in the solid state through electrode 
materials during cycling. The bulk or micro-size electrode materials have limited 
14 
 
ionic and electronic conductivity, which leads to the slow charge and discharge 
properties and poor electrochemical performance at high current. For a typical Li
+ 
diffusion of in solid-state materials, the characteristic diffusion time constant τ is 
obtained by the Li
+






The characteristic time for Li intercalation is proportional to the square of the 
diffusion length, indicating the notable effect of nanoengineering electrode materials: 
fast Li
+ 
storage and high rate capability in nanomaterials can improve the power 
density and energy efficiency. The diffusion length of 1D nanowires, nanotubes and 
nanorods are the diameter; whereas the diffusion length of 2D thin film and 
nanosheets is the layer thickness. Much unique 1D and 2D nanoarchitecture with 
low-dimension nanostructured components are integrated to achieve fast mass 
transport and high power density. 
(2) The first benefits arise from the large surface area associated with the decreased 
crystallite size. Increased surface area will increase the contact area between electrode 
and electrolyte, hence increases the number of active sites for electrode reactions, 
which subsequently reduces electrode polarization loss and improves power density 
and energy density. Another benefit from highs surface area is the increased flexibility 
for surface modification to achieve multi-functionality such as the enhanced surface 
catalytic activity for intended electrode reactions, improved surface transport of 
electro-active species,
13
 and the increased tolerance for surface passivity against 




(3) The ionic and electronic conductivity can be improved by deposition of an 
excellent electronic or ionic conductor layer and the formation of nanocomposites.
27
 
For bulk compounds, it is necessary to maintain the electro neutrality in bulk of 
homogeneous materials, whereas in nanomaterial, the existence of a space-charge 
zone can be possible at the interface of nanomaterials and these narrowly charged 
interfaces allow a fast transfer for ionic and electronic species, which consequently 
results in the enhanced energy storage process. Even the ionic conductivity is the 
inherent properties of the materials; the electronic conductivity can be improved in the 
incorporation of electronic conductive materials like carbon, CNTs or graphene.  
(4) The unique properties of well-defined nanostructure can improve mechanical 
strength and structural integrity. Since one dimensional (1D) nanomaterials (e.g., 
nanowires, nanotubes, nanorods) can accommodate volume change in a certain 
dimensions and directions charge–discharge cycling, the nanoengineered 1D 
nanomaterials electrode have more resistance to mechanical damage. The internal 
micropores and mesopores in the nanoporous electrode can suppress large volume 
change and prevent the deterioration in microstructure. J. Cho’s group revealed that 
the three-dimensional porous silicon particles electrode can contribute to the structural 
integrity of the electrode materials and minimize electrical isolation of electrode 
materials originated from pulverization, through which better capacity retention can 
be achieved.
28
 Cui Yi’s group demonstrated that Si nanowire electrodes are very 





 Due to the availability of the charge accommodation at the surface in the 
nanosized materials, there will be a great reduction on the need for diffusion of Li 
ions through bulk materials,
29
 which leads to substantially reduction on the volume 
changes and stresses associated with Li cycling. 
(5) With the increasing of active site available in the hierarchical architecture of 
nano-porous structures, the electrocatalytic activity and stability can be greatly 
enhanced due to the more efficient transport of reactants to the nano-sized pore 
surface.  With high surface area, there will be more available site for the surface 
modification for further improvement of catalytic properties and mechanical 
robustness. Thus the increase number of available reaction sites and the resultant 
facile transport of electron-active species are the key points to help enhace the 
electrocatalytic activity.       
(6) Another advantage gained in the nanostructured materials is the creation of new 
Li-storage sites. It is reported that nanostructured material can lead to new Li-storage 
mechanisms and higher capacities can be obtained, which is higher than conventional 
intercalation mechanisms.
30-33
 With nanostrured materials, more storage sites such as 
the surface, interface, and in nanopores for Li ion are created and no significant 
mechanical crumbling in the electrode was observed, which would lead to excess 
lithium storage. For example, these surface/interfacial Li storage mechanisms are 
playing more and more important roles in transition metal oxides and newly emerging 
graphene-based electrodes. 
(7) This size effect in the liquid phase catalytic reaction was also seen in the 
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electrocatalytic reactions. It was reported that Li insertion could happen to nanosized 
electro materials which are inactive towards Li insertion in bulk form.
34
 It was due to 
the more unsaturated surface atoms available when the crystallite size decreased to 
nanoscale. After the finding was revealed, a review on the electrode materials thought 
to be non-promising in the past was conducted. For example, nano-sized transition 
metal binary oxides with conversion reactions and multielectron conversion reactions 
with metal oxyfluorides which showed poor performance in the bulk form are 
becoming promising in the nanoscale regime.
35
 
(8)The redox potentials of electrode materials can be tuned by nanoengineered 
morphology. Li
+
 and electrons exhibit a size dependent potential, resulting in a size 
dependent cell potential and energy density.
36
 Balaya et al. found that the cell 
potential for Li insertion can be enhanced by 0.58 V when the bulk crystalline RuO2 
was replaced by nanosized amorphous RuO2.
37
 They also demonstrated a cell voltage 
shift of 62 mV for TiO2 nanoparticles compared to bulk titania. 
32
 
1.2.2 Disadvantages of nanostructured electrode for lithium ion 
battery 
Even though the nanostructured electrodes have many advantages, there are still some 
drawbacks associated with electrode materials with nanoarchitectures and they are 
briefly described as follows.  
1. The first drawback is that it was not easy to synthesize the nanosized material on 
an industrial scale, with controlled properties such as crystal size, crystal structure 
and purity. This difficulty would prevent its possibility to commercialization.  
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2. The second drawback was associated with the high surface area. The high surface 
caused by small crystal size will increase the possibility of side reaction between 
the electrode and electrolyte and the decomposition is known to induce 
irreversible cycling.  
3. Another disadvantage is the tendency of the small crystallite to aggregate together. 
Nanomaterials have the tendency to form agglomerates during the electrode 
fabrication process and thus it is difficult to uniformly disperse them in the 
electrodes.
13
 Their nanoscale dimensions are rather difficult to control also. 
4. Compared to their bulk counterpart, the packing density of nanomaterial is 
usually less and thus the volumetric energy density of nanomaterial is low.  
5. Lastly, the high cost from the complex synthetic process limits its 
commercialization applications.  
Thus, it is highly desired to properly design the nanostructure and fabrication 
process to overcome these shortcomings, meanwhile offering significantly improved 
battery performance. 
1.3  Anode materials for lithium ion battery 
The major requirements of ideal anode for LIBs are briefly described as follow: 
(1) Ideal anode materials should have a redox potentials close vs. Li and can not be 
large variation in the redox potentials with charges in Li content. The high redox 
potential leads to lower overall operating voltage of full cell and consequently lower 
the energy density.  
(2) Ideal anode materials should have good ionic and electrical conductivity. 
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Consequently, the impedance of LIBs is small resulting in good electrochemical 
reaction. 
(3) Ideal anode materials should be chemically stable in the electrolyte. The anode 
materials must be chemically stable in the salts and solvents of electrolyte. As a result 
of the reaction of Li with electrolyte, a protective film of solid electrolyte interphase  
forms on the surface of anode during the first few cycles. The SEI layer serves as a 
good Li
+ 
conductor and suppresses the side reactions. 
(4) Ideal anode materials should be long cyclable, yield stable and exhibit large 
reversible gravimetric and volumetric capacity.  
(5) Ideal anode materials are safe, cheap and environmental friendly.  
Because of the good theoretical capacity of 372 mAh g
-1
, low redox potential value of 
0.15-0.25 V vs. Li/Li
+
, good cyclability and chemical stability, graphite satisfies the 
most specifications of an ideal anode and is the most commonly used anode in 
conventional LIBs.
38, 39
 However, the formation of a complex SEI layer on the surface 
of graphite raises safety concerns of lithium plating during high current operations. It 
hinders the possibility of using graphite anode in high power applications like EVs 
and HEVs. Additionally, the energy density of graphite is yet to be further improved 
to meet the stringent requirements of emerging applications. To fulfill the desired 
properties stated above, transitional metal oxide (binary oxide and ternary oxides) 
have attracted a lot of interest and proposed as prospective anode materials for LIB 
applications. The anode materials can be classified into three types based on their 
energy storage mechanisms. 
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(1) Intercalation-deintercalation reaction based anode materials 
(2) Alloying-Dealloying reaction based anode materials 
(3) Conversion (redox) reaction based anode materials 
1.3.1 Intercalation-deintercalation reaction based anode mateirals 
One frequently used anode materials will be intercalation-deintercalation reaction 
based anode materials which usually show little volume change during the cycling 
process. This type of materials allow the reversible intercalation of Li
+
 into the lattice 
without destroying the crystal structure and it usually satisfies three important 
conditions during the cycling. Firstly, the materials must be crystalline and empty 
sites in the host crystal lattice must exist to allow Li
+
 insertion, which can be in the 
form of isolated vacancies such as 1D channel, 2D layers, or the 3D network. 
Secondly, the host compound mixture must contain a transition metal (Ti or Nb) or 
rare earth metal (Ce, Pr, Eu, or Tb), which exhibit one or more stable valence states.
40
 
Intercalation of positively charged Li
+
 will reduce the valence state of the host metal 




 in Titanium oxide. Thus the 
existence of the various valence states is important to tolerate the changes. Lastly, it is 
not likely for the Li intercalation process to occur if the host compound has an 
unfavorable crystal structure and transition metals in low valence state, like TiO, VO, 
and NbO with the cubic rock salt structure. Hence, metal oxides containing transition 
metal ions, and having 2D or 3D structures are the most suitable for Li cycling.
40
 The 
intercalation-deintercalation reaction anode including TiO2, Li4Ti5O12, Nb2O5, V2O5, 
MoO3 etc. has been extensively studied as the most attractive alternative anode to 
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graphite for LIBs. One commonly used such type of anode materials is the spinel 
Li4Ti5O12. It is described as a zero-strain insertion anode with the negligible volume 
change during the lithium insertion/extraction process. Besides that, it can 
accommodate three Li ions with a theoretical capacity of 175 mAh g
-1
. Li4Ti5O12 is 





 redox couple. Therefore, the spinel Li4Ti5O12 is considered as one of the 
most promising anode in practical application. 
1.3.2 Lithium alloying-dealloying reaction based anode materials 
Li ion can be alloyed with metals or elements to form intermetallic compounds in 
electrochemical cells. Since the 1970s, a wide variety of lithium alloying systems has 
been developed as an alternative anode material. The formation of alloys like Li4.4Si, 
Li4.4Sn, Li4.4Ge, LiAl, and Li3Sb etc. leads to large amount of Li
+
 storage in the 
elements such as Si, Sb, Sn, Al, Ge 
41
. The theoretical capacity of alloying-dealloying 
reaction anode is greatly exceeds that of graphite: 4200 mAh g
-1
 for Si to Li4.4Si, 960 
mAh g
-1
 for Sn to Li4.4Sn, 1600 mAh g
-1
 for Ge to Li4.4Ge, 993 mAh g
-1
 for Al to LiAl 
and 660 mAh g
-1
 for Sb to Li3Sb.
42
 The alloying-dealloying reaction occurs at low 
potential: <1.0 V vs. Li/Li
+
. The major problem with lithium alloys is their significant 
volume expansion and contraction, which takes place during the charging and 
discharging process. This may lead to pulverization of the electrode materials,
13
 the 
loss of electrical contact between the anode and current collector and large capacity 
fading during cycling. 
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Much effort has been devoted to exploring intermetallic materials by embedding an 
electrochemically active metal in one or more inactive matrix. It can accommodate 
the large volume expansion that occurs during the Li ion alloying process. Moreover, 
it can improve the electronic conductivity of the composite and act as catalyst for 
better Li alloying. Several unique nanostructures have been proposed and investigated 
in an effort to mitigate the problem. Among these, the agglomerated nanoparticles 
nanowires, nanotubes and 3D porous nanostructure, have demonstrated excellent 
electrochemical performance due largely to their unique tolerance to large stress/strain 
induced during cycling.
13
 The use of nanosize of the metal compounds enables them 
to absorb some of the volume change. It also enables an increased access of Li
+
 and 
shorten diffusion path to the alloying metal particles matrix. Therefore, better 
electrode kinetic, more stable SEI formation and enhanced rate capability can be 
achieved.
43-46
 Nanoscale carbon coating also appears to be a very promising strategy, 
especially for Si-based anodes.
13
 
In 2005, Sony commercialized the new anode materials of Sn/Co/C nanocrystalline 
composite and released Nexelion battery based on it. In this compound mixture, Sn is 
alloying with Li with Co as electroinactive matrix. Carbon was used for better Li 
cycling and electron conductivity. With this system, a high reversible capacity of up 
to 450 mAh g
-1
 was achieved 
47
 and good cycling properties were obtained.  Ternary 
systems could exhibit good cycling properties, and a strong structural relationship 
exists between a parent binary intermetallic electrode AB and a lithiated LixAB 





 However, even though these materials have high volumetric 
energy density, their gravimetric energy density is relatively low, and capacity fading 
with cycling is significant, which limits their possibility for commercialization.  
1.3.3 Conversion reaction based anode materials 
In addition to lithium alloying, conversion reactions have been used to produce 
nanocomposite electrode capable of storing lithium. In 2000, Poizot et al. reported 
that nano-sized binary transition metal oxides (e.g., CoO, NiO, CuO, and FeO) 
exhibited excellent electrochemical capacities and 100% capacity retention up to 100 
cycles.
51
 In the conversion reaction, a compound MaXb is reduced by Li to the metal 







 ↔ bLinX + aM 
where M represents a 3d transition metal, Ni, Co, Fe, Cr, Ru, Cu, Mn, Mo, V, W and 
X represents O, P, N, F, S. The mechanism of Li conversion reaction differs from the 
conventional process. The oxide anions migrate from the transition to alkaline metal, 
yielding a biphasic state constitute by M and LinX. This conversion reaction allows 
the storage of more than two lithium ions per molecule, potentially offering high 
capacity and good reversibility. Because the M-X ionicity relate to the output voltage, 
oxide, nitrides, fluorides, oxyfluorides, sulphides and phosphides with less negative 
value of Gibbs free energy is feasible for conversion reaction. 
44
 
Variety of binary, ternary oxides and oyxsalts, such as rock salt structure MO (M can 
be manganese, iron, cobalt, nickel or copper), spinel structure M3O4 (M is manganese, 
iron or cobalt) and AB2O4 (A can be manganese, iron, cobalt, nickel or copper; 
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whereas B can be manganese, iron, cobalt, nickel or copper), M2O3 (M is manganese, 
iron or chromium), MO2 (M is molybdenum, ruthenium or manganese), MBO3 (M 
can be iron or chromium), M3B2O6 (M can be cobalt, nickel or copper) etc. have been 
widely studied as the alternative anode for LIBs. In addition, the nanotechnology has 
been employed to develop the conversion reaction based anode. It has yet to be 
satisfactorily demonstrated, the reduction in particle size could improve the 
reversibility of Li2O formation. Carbon coating could also enhance the rate 
capabilities and cycling performances of transition metal oxides by significantly 
improving their electrical conductivities.
13
 
1.4 Specific examples of recent developments 
As discussed in the earlier in this chapter, nanocrystallite materials have the 
advantages of decrease the dimension during the cycling process. Currently, more and 
more nano-architectured anodes such as nanofibers, nanowires, nanotubes, and hollow 
spheres were fabricated in order to improve the rate capability and durability of 
lithium-ion batteries. Nanocomposite anodes such as Si dispersed in carbon nanotube 
(CNT) matrix, functionalized graphene, and ternary metal oxide systems were 
developed aiming to reduce the diffusion length and increase the tolerance to 
volume/phase change. Another way to improve the performance of LIB is surface 
coating or modification of anode materials to improve electrical conductivity and 
electrochemical performance. Different surface modification protocols were 
developed such as carbon coatings by spray-pyrolysis, thermal decomposition, and 
carbonization of organic precursors. Currently, more and more nano-architectured 
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anode electrodes have displayed outstanding capacity retention and rate capability. A 
detailed discussion on the recent advancements in design, synthesis, and fabrication of 
nanostructured anode materials with various morphologies with enhanced 
performance is shown in the following sections, with an intention to highlight the 
important novel nanostructures that offer significant potential to advance energy 
storage characteristics.
13
 The specific electrochemical performances of typical 
electrode materials of LIBs are summarized in table 1-2.  




















 cycle (%) 
Ref. 
PANI hydrogel coated Si nanoparticles 1850 1.4C 550 (5000) 91 [54] 
Double walls Si nanotubes 940 12C 600 (6000) 88 [55] 
Carbon coated LTO and LFP 910 15C 760 (30000) 95 [56] 
Si coated carbon black particles  1950 1C 1590(100)  82 [57] 
Self-assembly TiO2-graphene hybrid  -- 1C 170 (100) 98 [58] 
Li2O-CuO-SnO2 multideck-cage 1173 0.5C 1158 (100) 82 [59] 
Yolk-shell of Si NPs@void@C 2833 1C 1500 (1000) 74 [60] 
Sn-C composite ~500 0.8C 500 (200) 100 [61] 
Carbon coated LiMn2O4 110 20C 69 (2000) 63 [62] 
Carbon coated Li4Ti5O12 160 1C 152 (1000) 95 [63] 
Carbon nanofibers@Si whisker 2010 1C 1000 (200) 90 [64] 
Nano Si coated graphene granules 2300 0.3C 1060 (150) 98 [65] 
SiOC-CNTs core-shell  1258 0.1C 686 (40) 81 [66] 
CNTs-Si composite film 2800 0.3C 2000 (100) 90 [67] 
Porous Doped Si NWs 1450 1C 1000 (2000) 89 [68] 
Si-PFFOMB composite 2520 0.1C 2100 (650) 86 [69] 
Nano CaO-SnO2 570 0.12C 490 (80) 85 [70] 
Hybrid SnO2 NWs 1130 0.13C 814 (100) 74 [71] 
Hollow core-shell SnO2 NPs 2358 0.06C 770 (40) 57 [72] 
Ca3Co4O9 Nanoplates 761 0.2C 500 (50) 65 [73] 
Hierarchical TiO2@Fe2O3 hollow 
structure 




Cui Yi’s group incorporated Si nanoparticles into a well-connected 3D conducting 
polymer hydrogel, and the hierarchical polyaniline hydrogel network is continuous 
electrically conductive with enough porous space to accommodate volume expansion 
of Si particles. This group managed to demonstrate a reversible capacity of ~550 mAh 
g
-1
 with a cycle life of up to 5,000 cycles, which corresponds to 91% capacity 
retention at current density of 6.0Ag
-153
 using this unique structured materials.  
 
Figure 1-4. Schematic illustration of 3D porous SiNP/conductive polymer hydrogel 
composite electrodes. 
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 Reprinted with permission from ref. 54 
In another study, they prepared the double walled silicon nanotubes surrounded by 
silicon oxide shell.  A specific charge capacity up to 1780 mAh g
-1
 at C/5 and 600 
mAh g
-1
 at 12C were shown in this study.  The capacity retention is 88% with long 






Figure 1-5. Schematic of the fabrication process for double walled Si nanotubes 
(DWSiNTs); SEM and TEM of DWSiNTs.
54
 Reprinted with permission from ref. 55 
K. Zaghib and his co-workers reported a full cell Li-ion battery using carbon coated 
LiFePO4 and Li4Ti5O12 as the positive and negative electrodes respectively. It retains 
full capacity of 800 mAh g
-1 
after 20,000 cycles at charge rate of 10 C, and 95% 




Figure 1-6. Schematic of the carbon coated LiFePO4 and Li4Ti5O12 full cell battery. 
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Reprinted with permission from ref. 56 
G. Yushin’s group assembled a large-scale hierarchical Si coated carbon black 
particles with irregular channels, which can facilitate the rapid access of Li
+
 in the 
solid state of bulk materials. Large Si volume changes on Li
+
 intercalation and 
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extraction are suppressed by the particle’s internal porosity volume. The reversible 
capacity of 1,590 mAh g
-1




Figure 1-7. Assembly of Si-coated carbon black particles nanocomposite granule 
formation. 
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 Reprinted with permission from ref. 57 
Donghai Wang synthesized in situ nanocrystalline TiO2 (rutile and anatase) with 
graphene. Two times improvement on the specific capacity at high charge rates was 
achieved by this addition. The graphene network incorporating into TiO2 electrode 
leads to an increase in the electronic conductivity, which contribute to specific 
capacity at high charge-discharge current rate. The specific capacity of the anatase 
TiO2-Functionlized Graphene Nanosheets is 96 mAh g
-1





Figure 1-8. Growth of Self-Assembled TiO2-Functionlized Graphene Nanosheets 
Hybrid Nanostructures.
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 Reprinted with permission from ref. 58 
Shi Yi et al. reported a ternary Li2O-CuO-SnO2 composite with a novel 
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multideck-cage porous structure by electrostatic spray deposition. It displayed the 
initial discharge capacity of 1158 mAh g
-1
 with 17.6% initial capacity fading at 0.5C 
cycling rate.
58
 Nian Liu and Hui Wu et al. demonstrated a carbon encapsulated Si 
nanoparticles yolk shell structure. The void space inside the carbon can buffer Si 
nanoparticles volume change. This structure showed an excellent initial capacity of 
2833 mAh g
-1
 with 74% retention up to 1000 cycles at C/10.
59
 Scrosati et al. showed a 
Sn-C composite nanostructure with Sn nanoparticles of 10-50 nm in size uniformly 
dispersed in carbon matrix. These materials exhibited a specific capacity of 500 mAh 
g
-1
 for 200 cycles at a current rate of 0.8C.
60
 J. Cho’s group prepared a carbon coated 
single crystal LiMn2O4 nanoparticles clusters with size of 20 nm. The nanostructure 
exhibited the initial 110 mAh g
-1
 and capacity retention of 63% after 2000 cycles.
61
 
Cheng et al. successfully prepared carbon coated Li4Ti5O12 nanorods. This 
nanostructure maintained 95% of the initial capacity after 1000 cycles.
62
 Ma et al. 
reported a Si whisker and carbon nanofibers composite anode for LIBs. The reversible 
capacity is about 1000 mAh g
-1
 up to 200 cycles at 1C.
63
 Yushin’s group 
demonstrated a nanosilicon coated graphene with excellent specific reversible 
capacity of 1060 mAh g
-1




 Singh derived a Silicon 
oxycarbide-carbon nanotubes core-shell structure with stable charge capacity of 686 
mAh g
-1
 over 40 cycles.
65
 Cui et al. reported free standing carbon nanotubes-silicon 
film with high specific initial capacity of ~2000 mAh g
-1
 up to 100 cycles at current 
rate of C/3.
66
 Zhou’s group demonstrated porous doped Si nanowires with reversible 
capacity of ~1000 mAh g
-1
 over 2000 cycles at 1C.
67
 Liu and Yang et al. found the 
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 Sunkara’s group present a Sn nanoclusters supported on SnO2 
nanowires with capacity of 814 mAh g
-1
 over 100 cycles.
70
 Lee Jim Yang’s group 
reported hollow core-shell mesospheres of crystalline SnO2 for anode. The initial 
discharge and charge capacity are 2358 and 1303 mAh g
-1





 D. W. Kim demonstrated Ca3Co4O9 nanoplates with active and 
inactive nanocomposite. It delivered specific capacity of 660, 320 and 190 mAh g
-1
 at 
1C, 5C and 10C.
72
 Fan hongjin’s group reported a hierarchical TiO2@Fe2O3 hollow 
structure with stable capacity of 530 mAh g
-1





 J. H. Pikul developed high power lithium ion microbatteries by 3D 
bicontinuous nanoporous electrode.
74
 A.M. Belcher et al. from MIT developed 
genetically engineered high power lithium ion batteries using multiple virus genes.
75
 
1.5 Motivation  
The goal of this work is establish the novel synthetic methods to prepare 1D 
nanostructures, extend the fundamentals of nanoarchitectured and nanoengineered 
material design and investigate various 1D nanofibers for the use of Li-ion batteries. 
Since energy density, power density, safety and life span are three key deliverables to 
commercialized Li-ion batteries; efforts have been devoted to optimization of 
dimensions, crystal size, specific surface area, phase transformation, morphology and 
ionic/electrical conductivity by surface coating.  
The major focus is placed on the development of hollow nanofibers, transitional 
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metal oxide (TMO)-graphene composite and TMO nanocrystal loaded in carbon 
nanofibers to further enhance the reversible capacity, fast charge-discharge rate 
capability, safety and cycling life of Li-ion battery. Representative materials are 
presented with the content of materials synthesis mechanism, the electrochemical 
performance and electrode-electrolyte interface study (EIS and GITT) in the thesis.  
The hypothesis of this project is: (1) Nanostructured materials have lot of 
advantages compare to conventional bulk or micro scale materials, owing to their 
shorter diffusion time which is proportional to the square root of the diffusion length 
and inversely proportional to the diffusion coefficient and thereby improving the 
battery characteristics. The electron diffusion in nanostructured materials is faster than 
that in bulk materials, which ensure the rapid collection of charges in electrode. The 
short diffusion length in nanofibers for Li
+
 ion transport can enhance the rate 
capability and power density. (2) The one dimensional characteristics of the 
nanofibers provide a good mechanical integrity of the electrode. High mechanical 
strength of nanofibers enhances the capacity retention; (3) The 1D metal 
oxide-graphene & metal oxide- carbon nanofibers composite not only improve the 
electronic conductivity and electrical contact with the active materials, but also 
prevents the pulverization and aggregation of the metal oxide nanoparticles, 
accommodates the large volume change during cycling, 
1.6 Scope of the thesis 
The thesis highlights the facile synthesis of the 1 D hollow metal oxide nanofibers , 
the metal oxide-graphene composite nanofibers and metal oxide-carbon composite 
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nanofibers. Their electrochemical performance in LIBs was investigated in details in 
the current thesis and the present studies can be summarized as follows: 
In chapter 1, the working principles of Lithium ion batteries were introduced, 
followed by the current challenges on the development of high energy efficiency 
Lithium ion batteries. One primary approach to enhance the high performance 
Lithium ion batteries is the application of the nanostructure materials serving as the 
electrode materials, whose advantages/disadvantages were critically discussed. The 
application of nanostructure materials acting as the anode materials were highlighted 
and different types of anodes materials were discussed in details in this current 
chapter. Lastly, the motivation of the current thesis was given, which was to develop 1 
D nanostructured materials for the fabrication of Lithium ion batteries.  
In chapter 2, the characterization of the as-synthesized materials, fabrication of 
lithium ion batteries and measurement of electrochemical performance are discussed.  
In chapter 3, TiO2 hollow nanofibers were synthesized by co-axial electrospinning 
and their extraordinary Li-storage properties in both the half-cell and full-cell 
conﬁgurations are reported. The half-cell displayed a good cyclability and retained 84% 
of its initial reversible capacity after 300 galvanostatic cycles. The full-cell is 
fabricated with a commercially available olivine phase LiFePO4 cathode under 
optimized mass loading. The LiFePO4/TiO2 hollow nanoﬁber cell delivered a 
reversible capacity of 103 mAh g
–1
 at a current density of 100 mA g
–1
 with an 
operating potential of ~1.4 V. Excellent cyclability is noted for the full-cell 
conﬁguration, irrespective of the applied current densities, and it retained 88% of 
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In chapter 4, one dimensional TiO2-graphene composite nanofibers (TiO2-G 
nanofibers) was synthesized by facile electrospinning technique and their 
electrochemical performance was reported for first time. Lithium insertion properties 
were evaluated by both galvanostatic and potentiostatic modes in half-cell 
configurations. Cyclic voltammetric study reveals the Li-insertion/extraction by 
two-phase reaction mechanism that is supported by galvanostatic charge-discharge 
profiles.  Li/TiO2-G half cells showed initial discharge capacity of 260 mAh g
–1
 at 
current density of 33 mA g
–1
. Further, Li/TiO2-G cell retained 84% of reversible 
capacity after 300 cycles at current density of 150 mA g
–1
, which is 25% higher than 
bare TiO2 nanofibers under the same test conditions. The cell also exhibits promising 
high rate behavior with discharge capacity of 71 mAh g
–1




In chapter 5, quasi 1D Fe2O3-carbon composite nanofibers was obtained by the 
electrospinning method, and evaluated as the anode for Li ion storage. In the half-cell 
configuration, the anode exhibits a reversible capacity of 820 mA h g
-1
 at a current 
rate of 0.2C up to 100 cycles. At a higher current density of 5C, the cells still exhibit a 
specific capacity of 262 mAh g
-1
. The high dispersion of Fe2O3 in the carbon fibers 
helps to prevent the aggregation of active materials, maintain the structure integrity 
and enhance the electronic conductivity during lithium insertion and extraction. Thus, 
the capacity retention of Fe2O3-C composite nanofibers is much more stable 
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compared to pure Fe2O3 nanofibers. 
There are still remaining challenges associated with lithium ion batteries; and the 
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Chapter 2 Materials synthesis and characterizations analysis 
The experimental techniques used in the synthesis and characterizations of 
nanomaterials are descrbed in this chapter. The details of coin cell fabrication of these 
electrode materials and corresponding testing electrodes and electrochemical 
characterizations are also presented. 
2.1 Electrospinning technology to synthesize 1D nanomaterials 
2.1.1 Principle of electrospinning 
 
Figure 2-1. Electrospinning setup and controllable electrospinning process 
parameters 
Electrospinning is versatile, low cost and high-yield fabrication technique to pattern 
1D nanofibers of advanced materials such as polymers, metal oxides, metals and their 
composite. It is currently gaining increasing research interest not only due to easiness 
in synthesizing 1D nanostructures in a large quantity but also due to their unique 
physical properties for various application such as dye-sensitized solar cells, 
photocatalysis, photodetetor and lithium ion batteries. The electrospinning setup 
consist of a syringe with needle, ,a pump, a metallic collector, a viscous solution and a 
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high voltage power supply as shown in (Fig 2-1). In a typical electrospinning process, 
a viscous solution with materials precursor is loaded in a syringe. The solution is 
flowing constantly through a narrow needle type by pump, which is connected to a 
high voltage power supply. Then the high voltage is applied to the solution, the 
charges are induced to liquid.  
 
Figure 2-2. The coulombic force and surface tension at the needle of a 
electrospinning droplet 
When the columbic force overcomes the surface tension of the liquid, jet is initiated 
at the tip of the needle (Fig 2-2). After that, another phenomenon called bending 
instability occurs. Instead of flowing straight to the collector, the jet is bending and 




Figure 2-3. The formation of electrospinning process 
When the repulsive electrostatic forces of the charge ions overcome the surface 
tension, the nanofibers formation will elongate. As the nanofibers are getting thinner 
the young modulus of the fibers is decreasing, that is the nanofiber is less resistant to 
deformation normal to its axis. Charged ions are aligned in the axis of the nanofiber, 
which induces a maximum repulsion between the charges. To minimize the repulsion 
energy, charges tend to break that alignment, which is made possible when the 
electrostatic forces are superior to the surface tension holding the nanofiber strait and 
the charges aligned (Fig 2-3). The initial solution contained solvents, those may 
evaporate during the flight time and the nanofibers are solidifying on their way to the 
collector. Besides, there may be other reactions during the flight time, depending on 
the electrospun solution and the surrounding environment. The high electric field 
forces the charged ions within the solution to move and accelerate toward the 
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decreasing potentials. The grounded metallic plate thus collects the nanofibers 
formation. If the solution contains a metal oxide precursor, a polymer and a solvent, 
post calcination of the as spun composite fibers is needed to remove the polymer 
phase, resulting in metal oxide nanofibers.  
2.1.2 The Effect of Electrospinning parameters 
Many parameters will influence the morphology, structure and patterns of the 
nanofibers. Some of the key parameters are discussed as follows. 
The solvent conductivity: The solution needs good electrical properties as the electric 
field acts on the charged ions of the solution. The conductivity of solvent can be 
increased by additional substance such as water, providing extra free ions inside the 
solvent.  
The viscosity of solution: Viscosity is a key parameter, impacting of the fiber 
morphology. Fiber diameter is expected to increase with viscosity. The viscosity of a 
polymer depends on the entanglement of the polymer chains in the solution, so 
generally viscosity increases with molecular weight, which represents the length of 
polymer. If the viscosity is too low, beads appear along the fibers instead and the 
fibers are no longer straight. Another consequence may be electrospraying instead of 
electrospinning, particles will be created because of discontinuous jet flow. 
Surface tension of the solution: The solution has to be liquid enough to be drawn 
out smoothly from the tip of the needle, but is has to be viscous enough to create 
enough surface tension and prevent spraying instead of nanofiber formation. The 
surface tension is temperature and composition dependant, for a pure liquid system 
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the surface tension decreases with increasing temperature while it can be the opposite 
for a mixture.  
The solubility of solvent: The solubility of the polymer and other component of the 
sol gel in the solvent is an important parameter and can affect the structure of the 
nanofiber. Usually a polymer with higher molecular weight or with high crystalline 
will be less soluble. If phase separation occurs during electrospinning, island in the 
sea morphology can be created.  
The volatility of solution: During the spinning, the solvent evaporates before the jet 
reaches the collector and nanofibers are produced. But if the evaporation is not quick 
enough, all the solution does not solidify into nanofibers.  
Voltage applied: A critical element in electrospinning is the high voltage applied to 
the solution. Generally, 6 kV is able to cause the shape of a Taylor cone during jet 
initiation. The jet speed increases when the voltage applied increases, thereby 
enhancing the stretching during spinning and reducing the diameter of the nanofibers.  
Feed rate: The feed rate is determined based on the amount of solution available for 
electrospinning. With the increasing of feed rate, the nanofibers diameter becomes 
larger. 
Temperature: Temperature plays two important roles in the process; one is to 
increase the evaporation rate and another to reduce the solution viscosity. The 
temperature increase increases the polymer molecules mobility, and the columbic 
force will stretch the solution further. 
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Distance between tip of needle and collector: Varying the distance between the tip 
of needle and the collector will have a direct influence in the flight time and electric 
field strength. When the distance is reduced, the jet will travel shorter distance before 
reaching the final collector plate. Furthermore, it is expected that an increased electric 
field strength due to shorten distance, which will lead to an increase of the 
acceleration of the jet to the collector. Therefore, there will be no enough time for the 
solvent evaporation.  
Diameter of needle: The size of needle has a certain effect on the nanofibers 
diameters. It is found that a reduction in the diameter of the electrospun nanofibers 
was caused by a decrease the internal diameter of needle.  
2.1.3 Electrospun 1D nanomaterials 
The morphology has impacts on lithium and electron diffusion. A good material 
should allow fast lithium removal and insertion, while ensuring good electronic 
transport properties. Nanoparticles exhibit fast lithium intercalation and 
deintercalation due to their nanoscale. But electron motion is slowed down by the 
multiple grain boundaries as well as the randomness of the particle network. As a 
consequence, one dimensional structures offer promise of better cycling performance 
by enhancing electron transport due to the short diffusion length for lithium ions and 
electrons. 1D Nanofibers provide directional electron transport with reduced grain 
boundary. Besides, inter nanofibers connectivity is better compared to inter particle 
connectivity, as a nanofiber can have more contact points with the surrounding 
nanofibers. This is important in the context of material expansion/contraction during 
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charge/discharge that may induce loss of connectivity within the nanostructure. The 
stable nanofiber structure can hold more energy for a longer time; this implies higher 
energy density and more stable capacity. High mechanical strength of nanofibers 
enhances the capacity retention. High surface area nanofibers will allow a high 
contact area with the electrolyte and hence high lithium ions flux across the interface. 
Large surface active sites can aid to realize a better electrochemical reaction of the 
materials. The optimal 1 D structure possesses a low diameter to allow fast lithium 
diffusion in the radial direction, while having a long aspect ratio to enhance electron 
transport to collector.  
2.2 Materials characterization techniques  
The main characterization techniques used in this study include Powder X-ray 
diffraction (XRD), Scanning electron microscope (SEM), Transmission electron 
microscopy (TEM), Brunauer, Emmett, and Teller (BET), Conductivity measurement 
inductively Differential Thermal Analysis (DTA),Thermo Gravimetric Analysis (TGA) 
and X-ray photoelectron spectroscopy (XPS). A brief description of the experimental 
techniques used in the current study is discussed in this chapter.  
2.2.1 Powder X-ray Diffraction (XRD) 
Powder XRD is used to identify bulk phases, space group and to evaluate 
crystallite size.
1, 2
 This characterization technique is based on the diffraction of X-ray 
by the sample. The scattering of X-rays is sensitive to the crystal structure, the grain 
size as well as the crystal orientation. Therefore the XRD recording of a sample acts 
as a unique footprint of a material. An unknown material can be identified by 
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comparing its XRD spectrum to a database. The pattern contains information on the 
space group, and the absolute value of the diffraction peaks allows for the 
determination of the lattice constants. In XRD the sample is irradiated with 
monochromatic x-rays, and the intensity of the scattered beam is recorded as function 
of the diffraction angle around the sample. The diffraction angles at which maxima in 
the scattering intensity appear depend on the location of the atoms in the crystal, as 
the regular disposition of atoms form a regular pattern acting as a Bragg network.     
Therefore the diffraction angle obeys the Bragg diffraction law:
3
 
 ndhkl sin2  
with dhkl the interplanar spacing (the distance between the diffracting planes formed 
by the atoms), θ the diffraction angle, n is the order of diffraction, λ is the wavelength 
of the x-ray source. 
 
Figure 2-4. Bragg condition for an incident plane wave of wavelength λ, inclined at 
angle θ, illuminating a crystal structure with dhkl spacing. Reprinted with permission 
from ref. 3 
For any crystal structure, the dhkl spacing is a function of the lattice parameter and 
of the hkl parameter defining the crystal orientation. So the atomic pattern within the 
crystal governs the possible diffraction angles. The intensity of the diffracted beam 
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depends on the nature of the atoms composing the crystal structure and their relative 
positioning within the lattice cell. The unique structure of the different zeolites, in 
terms of atom positions and unit cell dimensions, is reflected in characteristics 
positions and relative intensities of the peaks observed in XRD patterns. Therefore, 
XRD can be used to deduce information about crystal structure, location and 
concentration of exchanged cations and crystallinity of the zeolite sample.  
XRD also allows estimating the grain size or crystallite size from the width of the 
diffraction peaks. The XRD diffraoctgram is not composed of ideal Dirac peaks, but 
rather wide peaks, where the width is inversely proportional to the crystallite size. 
When the grains in the specimen are isotropic, the crystallite size (P) can be 








where β is the full width at half maximum (in radians on the 2θ scale) of a diffraction 
peak corresponding to the Bragg angle θB, K is the Scherrer constant (~0.9), λ is the 
wavelength (Cu-Kα X-ray radiation, λ=1.54056Å). The peak line width β is corrected 
for the instrumental broadening, where 22β bB  . B is the measured peak width 
and b is the instrumental broadening, determined from the line width of a well 
crystallized material, i.e., quarts. A smaller step width of 0.004 
o
 was used when the 
crystallite size was to be determined. Curve fitting was carried out using the Topaz 
software 3.0.  
2.2.2 Scanning electron microscopy (SEM) 
SEM uses electrons to form an image. The contrast of the SEM micrograph is 
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correlated to the type of interaction, therefore reflecting some properties of the 
material scanned. The sample to analyze is bombarded with an electron beam and a 
captor monitor electrons coming from the sample. Depending on the type of electrons 
analyzed, SEM can be used in two different modes: Secondary Electron (SE) and 
Back Scattering Electron (BSE) image. BSE are incident electrons interacting with the 
material and escaping the specimen with low energy loss. SE is electrons ejected 
because of the incoming electrons. Depending on the type of information wanted, the 
user can switch between the two modes. BSE mode is sensitive to the atomic number; 
image is brighter when the atomic number is increasing. SE mode possesses a better 
lateral spatial resolution and in SE the contrast comes from the topography of the 
specimen. Mode switching occurs by change of the detection mode. In BSE mode, a 
negative voltage at the entrance of the captor repulses all low energy SE but let BSE 
enter. In SE mode, the detector is placed in the optical axis so that BSE cannot reach 
it. 
The resolution of SEM depends on the probe diameter, which depends on many 
factors. The resolution increases with the voltage, decreases with the probe current, 
and decreases with the wavelength. To improve the image quality, the contrast or the 
resolution, the SEM operators can tune some variables. The focus in SEM allows 
modifying the working distance. The working distance is modified by changing the 
distance to the specimen and refocusing the incoming beam. With a long working 
distance the convergence angle decreases and the depth of focus increases. The 
resolution decreases. The spot size function controls the strength of the condenser 
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length. With demagnification of the condenser lens, the resolution as well as the depth 
of field increases. The acceleration voltage controls resolution and the brightness of 
the electron beam. But a higher voltage increases the volume interaction in the 
specimen and therefore decreases the lateral spatial resolution. Besides, the maximum 
voltage also depends on the type of specimen. A too high voltage can irreversibly alter 
the properties of some materials such as organic material. The astigmatism function 
allows correcting the astigmatism of the machine, which stems from electromagnetic 
lens not perfectly cylindrical. Astigmatism results in blurred images as the lens 
possesses two focusing planes with different strength. 
SEM is a pratical tool to investigate the morphology of the nanostructure and to 
evaluate size distribution or thickness. The maximum magnification possible with 
SEM is 50 000x and 100 000x for FE-SEM. In the present study, field emission 
scanning electron microscope (FE-SEM, JEOL JSM-5600LV) was used to 
characterize morphology. 
2.2.3 Transmission Electron Microscopy (TEM) 
TEM is a microscopy technique based on interaction of high energy electrons 
(typically > 100 keV) with matter. The wavelength of an electron accelerated through 
an electric field U is given by the relation  





withh Planck’s constant (6.626×10-34 J·s), mo the rest mass of the electron 
(9.109×10
-31 
kg), and c the speed of light (2.998×10
8
 m/s). The second term in the 
brackets is the relativistic correction, which is required because 200 keV electrons 
reach about 70% of the speed of light. Electrons at 200 keV have therefore a 
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corresponding deBroglie wave length of 2.5 pm. 
The picometer range of the electron wavelength allows very high resolution.
5
 As 
TEM works in transmission, the sample has to be ultrathin. TEM can be used in two 
main modes: imaging or diffracting mode. Imaging mode is used in our experiment. 
In the imaging mode the contrast of the image comes from the interaction of incoming 
electrons with the material, which creates mass-thickness contrast, diffraction contrast 
and phase contrast. Deflection in TEM originates from interactions of electrons with 
atoms in the sample, a thick material with large atomic number atoms will deflect 
more incoming electron than a thin material with light element. The diffraction 
contrasts arises from the diffracting ability of the matter. If the orientation of a grain 
relative to the electron gun and to the observation direction happens to meet the Bragg 
condition, the incoming electron beam will be fully scattered. Diffraction contrast 
thereby comes from the different orientation of grain within the analyzed sample. The 
phase contrast is a complex phenomenon, however in many cases it is directly related 
to the atomic structure of material. The imaging mode can be further separated into 
the bright and dark field mode, and the high resolution mode. The bright field image 
comes from the undeflected electron that passes through the sample. In contrast, the 
dark field image collects only diffracted electrons. The high resolution mainly comes 
from phase contrast feature. The different modes can be changed in TEM by adjusting 
apertures within the TEM apparatus. Usage of the objective aperture allows TEM 
imaging, while the SAED aperture allows the diffraction mode. 
Because of the light distribution of a diffraction spot, even planes which slightly 
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deviate from Bragg condition can create diffraction spots. Therefore spots appear with 
various intensities in the diffraction pattern. For this reason the precision of TEM is 
relatively low compared to other techniques. The diffraction pattern represents the 
reciprocal lattice of the sample, magnified by a parameter called the camera constant 
(Lλ). Each spot of the pattern represents a diffracting plane in the reciprocal plane 
with specific hkl coordinates and the distance of each spot to the centre gives the 
interplanar spacing of that plane. From these considerations, it is possible to index the 
planes knowing the distance of the spot from the central spot and the relative angles 
between the different spots. 
The transmission electron microscope used for this work was a JEOL 3010 
operated at 200 kV. A small amount of the finely ground sample was suspended in 
2-propanol (IPA) and a drop was placed onto a carbon-coated copper grid and dried 
before it was inserted into the instrument for TEM measurements.  
    Energy dispersive analysis X-rays (EDX) can also be carried out by TEM to 
characterize the energies of X-rays emitted from the atoms as results of the interaction 
of incident electron beam with the samples. The X-ray spectrum that is obtained 
allows for quantification of the elemental composition of the irradiated area in the 
sample.  
2.2.4 Brunauer, Emmett, and Teller (BET) 
BET is one technique to measure the surface area of sample from gas molecule 
adsorption, with its name coming from the three inventors: Brunauer, Emmett, and 
Teller, who presented a theory dealing with the multilayer adsorption of gas on 
solids.
6
 The BET surface area is calculated from the amount of physical adsorption of 
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nitrogen molecules at 77 K. The BET theory aims to explain the physical adsorption 
of gas molecules on a solid surface and serves as the basis for an important analysis 
technique for the measurement of the specific surface area of a material.  
Physisorption is fairly material-independent in the sense that N2 molecules at low 
temperature tend to form a monolayer which depends only on the size of the N2 




; the molecules pack together as 
closely as they can, independent of the substrate atomic structure. The BET theory 
was applied to multilayer adsorption with the following hypotheses. Firstly, the first 
layer of gas molecules is adsorbed more strongly than subsequent layers, and the heat 
of adsorption of subsequent layers is constant. Secondly, lateral interaction between 
adsorbed molecules is absent. Thirdly, the Lagmuir theory for monolayer adsorption 
can be applied to each layer. From the adsorption isotherm, a value corresponding to 
the volume of the adsorbed monolayer is calculated. With physical adsorption the 
amount of gas adsorbed is usually plotted against as a function of the relative pressure 
(P/Po), which is the pressure divided by the saturation pressure at the same 





With 𝑣𝑚 the quantity of monolayer adsorbed gas, 𝑁 the Avogadro number, 𝑠 the 
adsorption cross section of the adsorbed molecule, 𝑉 the molar volume of the 
adsorbed gas, and a the molar weight of the adsorbed species.  





















With P and Po the equilibrium and saturation pressure of adsorbates at the temperature 
of adsorption, 𝑣 the quantity of adsorbed gas, 𝑐 the BET constant. 
As the characteristic shows a linear behavior, thus 𝑣𝑚 can be calculated from the 
slope and the y intercepts value by a plot of 1/V [(P/Po)-1] versus P/Po in the range of 
0.05≤ P/Po≤0.35.  
From a wider range plot of nitrogen uptake to higher pressures, information about 
the distribution of pore volumes and therefore pore sizes can be obtained.
6
 This is 
because the filling of pores with condensed nitrogen beyond the monolayer point is 
related to the radius of the pores and the gas pressure; the smaller the pore radius the 
more easily it is filled with condensed nitrogen. The relationship between these 









2ln   
Where νo is the molar volume, σ is the liquid surface tension and γK is the ‘Kelvin 









WhereΔS is the differential surface area associated with a particular average pore 
radius and ΔVp is the pore volume determined over a narrow range from the P-V 
isotherm. For a microporous solid such as a microporous carbon, almost all the area 
will be associated with the well-defined small pores, while for most mesoporous 
materials the major part of the area will be in mesopores. 
The solid samples were first degassed at 300 
o
C in a flow of nitrogen for 
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approximately 4 h prior to measurement in order to remove any adsorbed moisture. 
The samples, in quarts tubes, were put in a bath of liquid nitrogen at 77 K. The 
surface area and pore distribution of the catalysts were determined by using 
Micrometrics TriStar 3000 equipment. Nitrogen was introduced and the 
adsorption/desorption process was followed by measuring the amount of gas adsorbed 
or desorbed at various N2 partial pressure. Analysis of the shape of the 
adsorption/desorption isotherms yields the information about the surface and internal 
pore characteristic of the material. Analysis of the shape of the adsorption/desorption 
isotherms yields the information about the surface and internal pore characteristic of 
the material. There are 6 types of isotherms as described by Brunauer, Deming and Teller 
and are shown in Figure 2-5.  
 
Figure 2-5.  The different types of adsorption isotherms are determined by the pore size 
and surface characterizations of the material.8 Reprinted with permission from ref. 8 
Type I –Micropores Materials.  (e.g. Zeolite and Activated carbon).8 This is 
characteristic of either chemisorption’s isotherm or physisorption on a material which 
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has extremely fine pores. 
Type II - Non porous materials (e.g. Nonporous Alumina and Silica).
8
 This is 
characteristic of a material, which is not porous and has a high energy of adsorption. 
Type III - Non porous materials and materials which have the weak interaction 
between the adsorbate and adsorbent (e.g. Graphite/water).
8
 This is characteristic of a 
material, which is not porous, or possibly macroporous, and has a low energy of 
adsorption. 
Type IV - Mesoporous materials (e.g. Mesoporous Alumina and Silica).
8
 This is 
characteristic of a material, which contains mesoporosity and has a high energy of 
adsorption. These often contain hysteresis attributed to the mesoporosity. 
Type V - Porous materials and materials that have the weak interaction between the 
adsorbate and adsorbent (e.g. activated carbon/water).
8
 
Type VI - Homogeneous surface materials (e.g. graphite/Kr and NaCl/Kr).
8
 This type 
of isotherm is ascribed to the temperature is lower than the adsorptive triple point, that 
the adsorbate is more like a solid forming a structured layer.  
2.2.5 Thermal Analysis 
Differential Thermal Analysis (DTA) and Thermo Gravimetric Analysis (TGA) are 
techniques to characterize the thermal and mass changes of a material as a function of 
the temperature. In the DTA, the sample to be analyzed and a reference material are 
subjected to the same heating scheme, which is a constant heating ramp in most cases. 
Changes induced by the heating can induce exothermic or endothermic reaction, as 
well as mass variation of the sample. When the temperature of the sample is higher 
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than the reference material, the sample is undergoing an exothermic reaction. When 
the sample is cooler than the reference material, an endothermic reaction is occurring. 
Any weight variations can be recorded by a balance in a TGA machine. A heat 
activated reaction is called first order reaction when heat exchange is occurring along 
with mass change. If the mass of the sample is not changing during heat exchange, the 
reaction is called a second order reaction. Many setups allow the simultaneous 
recording of DTA and TGA, with various temperature ramp rate and ambient gas 
atmosphere. DTA/TGA is a useful technique to analyze phase transition, glass 
transitions, crystallization, melting and sublimation. The simultaneous differential 
thermal and thermogravimetric analyzer (Simultaneous DTA-TGA, SDT-2960, TGA 
Q500 (Thermal Analysis Instruments, Burlington, MA) machine was used in the 
present study to determine phase formation and phase transformation temperatures.   
2.3 Fabrication of Li-ion coin cells 
The electrochemical properties of the materials were studied in the form of coin cells. 
The various steps adopted to fabricate the coin cells are described below.  
2.3.1 Preparation of electrode materials 
All electrochemical studies are conducted in the two-electrode coin-cell (CR 2016) 
configuration with metallic lithium acting as both counter and reference electrodes. In 
order to prepare the composite electrode material, the powder of active material is 
mixed with the supper P carbon black (MMM, Ensaco), which is an electronically 
conducting additive and the Teflonized acetylene black (TAB-2) as binder in the 
weight ratio of 70-20-10. The polymer binder helps the coating to adhere the current 
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collector. The N-methyl pyrrolidinone (NMP, Merck) is used as the solvent for the 
TAB-2 binder to prepare the slurry. The thick and uniform slurry is coated onto the 
etched stainless steel mesh (Alpha Industries Co. Ltd., Japan) of ~15 μm thickness by 
doctor blade technique. The stainless steel mesh is used as the current collector due to 
its excellent electronic conductivity and inability to form alloy with Li. The thick 
coated film is dried in an air oven at ~80
o
C for 12 h to evaporate the NMP. The film is 
pressed between the stainless steel twin rollers (Soei Singapore Scientific Quartz Co.) 
at 2 MPa pressure to ensure the good adherence of composite electrode materials to 
the current collector. The thick film is then cut in to circular discs of 16 mm diameter 
and dried in a vacuum oven at ~70-80 
o
C for 12 h and then transferred to the Ar-filled 
glove box (MBraun, Germany) for cell fabrication. 
2.3.2 Assembly of coin cells 
The sequence of steps for coin cell fabrication is given in Fig. 2-6 (a)-(b). The cells 
are fabricated inside the glove box, which maintains <1 ppm of H2O and O2. The 
coin cells of size 2016 (20 mm diameter; 1.6 mm thickness) are assembled from 
commercial stainless steel cup and lid fitted with plastic ring by pressing with 
crimping unit (Hohsen Corp., Japan). The coin cell contains composite electrode 
material serving as anode, Li- metal (Kyokuto Metal Co., Japan) foil cut into disc as 
counter and reference electrode, and glass microfiber filter (GF/F) (Whatman Int. Ltd, 
Maidstone, England) as separator. The solution of 1M LiPF6 dissolved in a mixture of 
ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by volume, Merck 
Selectipur LP40) is used as electrolyte. The composite electrode is placed at the center 
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of the bottom cup with few drops of the electrolyte. The bottom cup is treated as 
negative (anode) terminal. This is covered by micro- porous separator that is 
permeable for Li-ions but prevent the short-circuiting between the two electrodes. A 
few drops of electrolyte are again added and circular disc of 13 mm diameter and 0.6 
mm thick Li- metal is placed on it. To ensure a thorough electronic contact between 
the top cups (lid), a stainless steel spring is welded to the lid. 
  The lid fitted with the plastic ring is rested on the Li-metal and forms the positive 
terminal. Finally, the sealing is done with the crimping machine. The assembled cell 
is taken out from the glove box and placed on the table for 12 h. This process is to 
ensure the good percolation of electrolyte to electrode materials before 
electrochemical characterization is carried out. Commercial soft packed batteries (Fig. 
2-6 (c)) were assembled to investigate the electrochemical behaviors of full cells 
batteries. The full cell configurations were made of cathode, anode, polyethylene as 
the separator, and 1 M LiPF6/EC+DMC+EMC as the electrolyte solution. The cathode 
consisted of 85 wt.% active materials, 9 wt.% Super-P and 6 wt.% poly(vinylidene 
fluoride)(PVDF) binder, whereas the anode consisted of 80 wt.% active materials, 10 
wt.% Super-P and 10 wt.% PVDF. These components were rolled together to form the 
battery core and assembled into aluminum-plastic laminated film packages. The 





Figure 2-6. (a) Schematic diagram of cell assembly; (b) photograph of 2016 type coin 
cells and (c) photograph of soft packed full cells 
2.4 Electrochemical studies 
The electrochemical studies on the coin cell are carried out in two different modes: (i) 
at constant current (galvanostatic cycling) and (ii) at constant potential rate 
(potentiostatic cycling). 
2.4.1 Galvanostatic cycling 
Galvanostatic cycling is the technique to obtain the voltage – composition relationship 
of an electrochemical cell at a constant current. The voltage of the cell varies as a 
function of the state of discharge/ charge of electrode w.r.t. Li- metal, which is used 
as counter electrode. While performing galvanostatic cycling, the voltage of the cell is 
decreased (during discharge)/ increased (during charge) at a constant current. The 
output result is plotted as a function of voltage vs. time or state of discharge/ charge. 
The information of specific capacity (ability of charge storage per unit weight of 
active material) in terms of mAhg
-1
 of an electrode can be derived from the voltage 
composition plot. In the present work, the galvanostatic cycling of the cells is carried 
out at ambient (room) temperature (RT = 25
o
C) by computer controlled Arbin battery 
tester (Arbin, USA) for a good number of cycles. The data are plotted as a function of 
voltage vs. discharge/ charge time or the specific capacity. 
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  The theoretical specific capacity, also called, gravimetric capacity of an electrode 
material is calculated as follows. Specific capacity (mAhg
-1
) C = ( (F × nLi ) / (M × 
3600)) × 1000, where F is the Faraday’s constant (96,500 coulombs per gram equiv.), 
nLi is the number of Li-ions (and electrons) involved in the chemical reaction per 
formula weight of the compound and M is the formula weight (g) of the compound.  
  The specific capacity can also be calculated in mAh cm
-3
 by knowing the density of 
the electrode material. This is called volumetric capacity. The suitability of the 
electrode material for use in LIBs is evaluated after a comparison of the theoretical 
and experimental specific capacity (both gravimetric and volumetric). 
2.4.2 Cyclic voltammetry 
Cyclic voltammetry (CV) is a commonly used technique for electrochemical 
measurement that gives the qualitative/ quantitative information about the 
reversibility of electrode reaction, redox potential and electrode reaction kinetics. The 
quantitative information of diffusion coefficient of the species, like Li- ion that takes 
part in the electrochemical reactions can be estimated from the CV data. The 
theoretical aspect of CV was first reported by Randles in 1938. The technique 
involves flow of current between the electrodes by varying the potential of the 
working electrode at a constant potential sweep rate (μVs-1) with respect to the 
counter electrode both in forward and reverse direction. The current measured during 
the voltage sweep is plotted vs. voltage and the result is referred to as a cyclic 
voltammogram. The parameters observed from the CV are the peak potentials, i.e. 
both anodic and cathodic potential (Ea and Ec ) and the corresponding current (Ia and 
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Ic). The reversible reaction occurred when the electron transfer rate in both the 
forward and reverse directions at the electrode is both very high. In that case, the 
cathodic and anodic peaks are separated by a potential of approximately 59/n mV, 
where n is the number of electrons transferred. The peak current is given by the 
Randles- Sevcik equation: 











where Ip is the peak current in mA, n is the number of electrons taking part in the 
reaction, A is the area of the electrode in cm
2







 is the concentration of electro active species (mol cm
-3




  In the present work, the CV on the coin cells containing composite electrode as 
cathode and Li-metal as counter and reference electrode, was carried out at a low 
potential sweep rate of 58 μVs-1 by using the computer controlled Arbin battery tester 
at room temperature. 
2.4.3 Electrochemical Impedance Spectroscopy (EIS) 
EIS is a characterization technique for kinetic studies of the electrochemical reactions 
inside the batteries. The technique consists in exciting a device with a small sinusoidal 
voltage signal over a continuous bias potential. The corresponding current answer is 
recorded. As the current answer presents a phase shift with regard to the voltage input, 
the complex impedance of the device can be calculated at the frequency of the voltage 
excitation. The amplitude of the voltage excitation should be low enough to keep the 
system within local linearity limit. Besides, the cell should be kept at equilibrium 
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before measurement. The complex impedance of a device can be calculated in a 
frequency range. As different processes occur with different time constants, each 
process will influence the impedance of the device only in a selected frequency range. 
Fast process will manifest in the high frequency range, while slow process will 
manifest in the low frequency range. Therefore, EIS allows separating phenomena 
with different time constants within a single nondestructive experiment. Analysis of 
impedance is done by fitting the impedance spectra to an equivalent electric circuit. 
Information on the kinetic processes is then obtained from the nature and the values of 
the different elements composing the equivalent circuit. Usually impedance spectra 
are plot in Nyquist plot, which plot the complex part of the impedance z’’ in function 
of the real part of the impedance z’. 
The different circuit elements can be some basic electric component like resistance 
with constant real impedance, or a capacitance with a complex impedance of the type 
1/(𝑗𝑐𝑤) . The resistance can come from electrolyte resistance or charge transfer 
resistance for example. Capacitance can root from double layer capacitance or coating 
capacitance. The theory of impedance spectroscopy also includes circuit element that 
are specific to EIS to model advanced processes. The Warburg element is used to fit 
diffusion processes. Its complex equation is 𝑊 = 𝑅 tanh(𝑗𝑇𝑤)p /(𝑗𝑇𝑤)p, with R, T 
and P its three parameters. In the nyquist plot, the Warburg element features a 45° 
slope line. Advanced elements also include the Constant Phase Element (CPE) to 
model non ideal capacitive effect. In the Nyquist plot, a CPE in parallel to a resistance 
shows a depressed semi-circle, whose depression angle increases with decreasing 
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CPE exponent value. Depending on the device studied, different equivalent circuits 
have been modeled and reported in the literature.  
2.4.3.1 Warburg prefactor 
In LIBs EIS, Li ion solid state diffusion in the active material manifests itself in the so 
called Warburg region, seen as straight line inclined at ~45° in the EIS spectra. This 
region holds information about the diffusion process and the lithium ions diffusion 





∗ = 𝐴𝑤 𝑤
−1/2(1 − 𝑗) 
where w is the radial frequency, j is the imaginary number, and Aw is concentration 
independent coefficient. 
By solving Fick’s law, another expression of Zw
*
can be obtained 
 
With VM the molar volume, E the cell voltage, y the Li stoichiometry, F the Faraday 
constant, ?⃗?  the lithium diffusion coefficient, S the surface of the electrode. 
Comparing the two equations provides an equation of the lithium diffusion 
coefficient 
 





2.4.3.2 Impedance Analysis 
Impedance spectra were carried out with solartron 1470 E and SI 1255 B 
impedance/gain-phase analyzer coupled with a potentiostat (SI 1268) in two electrode 
configuration at room temperature (~ 25 
o
C). The frequency was varied from 18 kHz 
to 3 mHz and an alternating current signal amplitude of 10 mV. The Nyquist plots (Z’ 
vs. Z”) were ploted and analyzed using Z view software (Version 2.4, Scribner 
associates Inc., USA). The coin cell was relaxed for 24h in the air before the first EIS 
recording. During discharge the EIS were taken at several voltage bias. During charge 
the EIS were taken at another several voltage bias. Before each measurement, the cell 
was charged or discharged to the desired voltage at a current of 50 mAhg
-1
. The 
voltage was then maintained by the cycling machine for 1.5 hour, by charging or 
discharging the battery to fix the voltage. Without that step, the potential would relax 
to another equilibrium voltage during the EIS measurement. As the oscillating signal 
amplitude is small, any change in cell voltage would induce major error in the 
impedance values. After EIS recording, the cell was charged/discharged to the next 
desired voltage. The EIS were recorded at same selected voltage during the last cycle.  
 
Figure 2-7. Example of EIS spectra with the four different frequency ranges  
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  A typical recording spectrum is shown in Figure 2-7. The whole spectrum can be 
divided into up to 4 different regions, corresponding to phenomena with different time 
constants. At high frequency (here above 8000 Hz), a small semi cercle arises from 
surface film on the surface of the active material. Li ions encounter resistance when 
migrating into this surface film, which also results in charge accumulation and 
capacitance effect. This passive film can come from the electrode fabrication, because 
of any passive substance on the metal oxide structure. The surface film can also come 
from electrolyte decomposition and deposition upon cycling, resulting in the 
formation a Solid Electrolyte Interface. The semi-circle in the middle range frequency 
(here 30-8000 Hz) is ascribed to charge transfer at the electrode/electrolyte interface. 
Lithium ions are crossing this boundary and charges are accumulated on both side of 
the interface, resulting in a charge transfer resistance and a double layer capacitive 
effect. In the low frequency range (here 1-30 Hz), the semi-circle of spectrum occurs 
due to the bulk properties of the active material. Material resistivity results in bulk 
resistance, while grain boundaries see charge accumulation and capacity effect. In the 
very low frequency (here below 1 Hz), the spectrum shows straight line with varying 
slope, induced by the diffusion of Li-ion in the electrolyte. Here, EIS allows 
separating four different kinetic processes, with the surface film phenomena being the 
fastest and the diffusion in the interfaces. The experimental EIS were fitted to two 
equivalent electrical circuits: one by Nobili et al.
11
 modified by Bhonke et al. 
12
 
(Model I Figure 2-8) and the other by Aurbach and Reddy et al. 
13, 14
 (Model-II Figure 
2-8) Both models consist of resistances and Constant Phase Elements (CPE) arising 
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from the eletrolyte (Re), surface film (Rsf andCPEsf), charge transfer (RctandCPEdl) 
and bulk material (Rb and CPEb). CPE are used instead of pure capacitance to take 
into account the non-uniformity of surface involved in capacitance effect,
15
 which is 
reflected by depressed semicircle in the EIS measurements. The models also include a 
finite length Warburg impedance (Ws) in series with an intercalation capacity to 




Figure 2-8. Model I and model II used to fit EIS. Reprinted with permission from ref. 
14 and 15 
  DLi (Lithium diffusion coefficient) can be obtained graphically from EIS, by the 
limiting frequency technique. In the same theory framework briefly exposed earlier 
for the Warburg prefactor technique, the Warburg region exhibits two different regions, 
corresponding to two straight lines with different slope in the Warburg region. In the 
low frequency a 45° line gives way to another straight line with a higher slope in the 
very low frequency. The transition frequency fL, also called the limiting frequency, 




  This formula only requires value of the diffusion length in the active material and 
appears easier than the Warburg prefactor technique explained before, where a linear 
fitting and a derived titration curves are needed. However, this graphical technique is 
less precise, because of the uncertainty in obtaining the limiting frequency. Therefore, 
the Warburg prefactor technique was preferred to analyze impedance spectra. 
2.4.4 Galvanostatic Intermittent Titration Technique (GITT) 
GITT allows calculating the Li chemical diffusion coefficient from transient voltage 
measurement. The cell is perturbated from an initial equilibrium state by charging or 
discharging at a constant current I0, for a time τ. The current flux then stops and the 
cell potential relax to another equilibrium state. By solving Fick’s law, it is possible to 
analytically calculate the variation of the cell potential E with time t, which depends 




With VM the molar volume, y the Li stoichiometry, F the Faraday constant, ?⃗?  the 
chemical diffusion coefficient, S the surface of the electrode. 
Following assumption of small current perturbation, the diffusion coefficient can be 
extracted with the following formula 
 
With ΔEs the total cell perturbation of the cell voltage E during the time τ, the 
active mass in the electrode, VM is the molar volume of the compound, MB the 
relative formula mass, and S the area between the electrolyte and the active material. 
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In GITT, the perturbation time should be long enough to provide a measurable and 
accurate response, but should be short compared to the characteristic diffusion 
time.
94
If the charge or discharge is too large, the diffusion coefficient values lose in 
precision. In the Warburg prefactor technique, the uncertainty in DLi values comes 
from the difficulty to identify the Warburg region. If the time constant of the different 
processes in a battery are too close, the impedances arising from these phenomena 
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Chapter 3 Formation of TiO2 hollow nanofibers by co-axial 
electrospinning and its superior lithium storage capability in full-cell 
assembly with olivine phosphate 
In the present chapter, we report the formation and extraordinary Li-storage properties 
of TiO2 hollow nanoﬁbers by co-axial electrospinning in both the half-cell and 
full-cell conﬁgurations. Li-insertion properties are ﬁrst evaluated as anodes in the 
half-cell conﬁguration (Li/TiO2 hollow nanoﬁbers) and we found that reversible 
insertion of ~0.45 moles is feasible at a current density of 100 mA g
–1
. The half-cell 
displayed a good cyclability and retained 84% of its initial reversible capacity after 
300 galvanostatic cycles. The full-cell is fabricated with a commercially available 
olivine phase LiFePO4 cathode under optimized mass loading. The LiFePO4/TiO2 
hollow nanoﬁber cell delivered a reversible capacity of 103 mAh g–1 at a 
current density of 100 mA g
–1
 with an operating potential of ~1.4 V. Excellent 
cyclability is noted for the full-cell conﬁguration, irrespective of the applied current 
densities, and it retained 88% of reversible capacity after 300 cycles in ambient 




* Work presented in this chapter has been published in “Nanoscale. 2012, 4,1707”. 





3.1 Introduction  
Since the commercialization of LIB by Sony in 1991, carbonaceous materials 
(especially graphite) have dominated as ideal anodes due to their appealing properties 
like good capacity (~372 mA h g
-1
), lower insertion potential (<0.1 V vs. Li), 
eco-friendliness, good cyclability and chemical stability.
1-8
 However, such anodes 
endure the problem of lithium plating during high current operation which hinders 
possibility of using them in high power applications like hybrid electric vehicles 
(HEV) and electric vehicles (EV).
9-11
 Hence, the development of a new insertion host 
with appealing properties, like a lower insertion potential (vs. Li), high capacity, 
safety, higher thermal stability, low cost and eco-friendliness are anticipated. To fulfil 
the desired properties stated above, titanium based binary and ternary oxides are 
proposed as prospective anode materials for LIB applications due to the possible 




 redox couple irrespective of the nature of the crystal 
structure.
12-16
 Thus far, a variety of Ti based compounds such as spinel Li4Ti5O12 


























 etc. were explored as possible 
insertion anodes and those materials exhibit a bi-phase reaction mechanism during 
Li-insertion/extraction processes. Among the insertion hosts mentioned, anatase TiO2 
is found to have promising characteristics, like the highest theoretical capacity with 
less volume change during Li-insertion/extraction (~3.7%).
15, 22
 Apart from its 
electrochemical properties, TiO2 is abundant in Earth’s crust, environmentally benign 
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and low cost, and expected to deliver a highly durable cycling performance with much 
greater safety.
24
 To develop high performance LIBs, utilization of nanostructured 
materials are crucial to replace conventional bulk or micro scale materials owing to 
their shorter diffusion time, which is proportional to the square root of the diffusion 
length and inversely proportional to the diffusion coefficient, which thereby improves 
the battery characteristics. Numerous nanostructured materials with a variety of 
morphologies such as nanoparticles, nanowires, nanotubes, nanosheets, nanobelts etc. 
were engaged as electrode materials for LIB.
25, 26
 Among these nano architectures, 1D 
nanofibers are found attractive by virtue of their unique structure, chemical stability 
and high specific surface area, which may benefit from a higher flux of lithium ion 
across the electrode/electrolyte interface leading to the facile diffusion of cations.
26, 27
 
Several reports are available on the Li-insertion properties of anatase TiO2 as anode 
materials in LIB with different nanostructured morphologies, 
12-16, 22
 however only 
very few works are available on the electrochemical properties of one dimensional 
electrospun TiO2 nanofibers in the half-cell configuration in either a native or 
composite form with either carbon nanotubes and graphene.
28-32
 To the best of our 
knowledge, there is no report available on electrospun anatase TiO2 hollow nanofibers 
as anode materials in the full-cell configuration. Herein, we demonstrate a template 
synthesis of TiO2 hollow nanofibers by co-axial electrospinning and post annealing. 
Electrospinning is a convenient and scalable technique to produce high-performance 
one-dimensional fibers with desirable structures by tuning the concentration, applied 
voltage, distance between the collector etc.
31, 32
 The prepared TiO2 hollow nanofibers 
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were employed as an anode in the half-cell (Li/TiO2) and full-cell assemblies with 
olivine phosphate (LiFePO4/TiO2) to evaluate their battery characteristics. Extensive 
electrochemical characterization and optimization of mass loading of the electrodes 
was carried out and the obtained results are presented in detail. 
3.2 Experimental section 
3.2.1 Synthesis of hollow nanofibers   
Titanium tetraisopropoxide [TIP, Ti(O
i
Pr)4; 97%], solvents N,N-dimethylformamide 
(DMF, 99.8%), absolute ethanol (100%) and acetic acid (99.7%) were purchased from 
Aldrich. All chemicals were used as received without further purification. An 
indigenously developed core–shell spinneret was set up with two needles of size 27G 
(core) and 21G (shell), fixed co-axially according to the schematic representation 
given in Fig. 3-1 a. Two precursor gels, preferably polymers were chosen in such a 
way that they were immiscible in nature, one for the core liquid and another for the 
shell liquid. The precursor solution for the shell side was prepared by dissolving 1.8 g 
of polyvinyl pyrrolidone (PVP, MW= 100 000, Aldrich) in 20 ml of ethanol followed 
by the addition of 5 ml acetic acid. TIP (3 g) was then added to PVP solution under 
vigorous stirring for 12 h. The precursor for the core liquid was prepared by 
dissolving 0.5 g of polyethylene oxide (PEO, Mw = 900 000, Aldrich) in 5 ml of DMF 
under heating at 50 
o
C. As-prepared two precursor gels were loaded into two plastic 
syringes (5 ml) and connected to a co-axial core–shell spinneret (Fig. 3-1 a). A 
high-voltage power was applied to the needle tip, and the flow rate for core and shell 
fluids was set to 0.2 and 0.6 ml h
-1
, respectively. The electric field strength was fixed 
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to 15 kV and an aluminum foil wrapped plate collector was placed at 12 cm below the 
needle tip for collection of the fiber mat. Then as-spun core–shell nanofibers mat were 
calcined at 450 
o




 to decompose the polymers 
and subsequently yield the single phase TiO2 hollow nanofibers in an air atmosphere. 
3.2.2 Materials Characterizations 
The morphological features of the samples were examined by a field emission 
scanning electron microscope (FE-SEM; JEOL, 6701F). The microstructure of the 
samples was characterized by TEM (JEOL, 3010) and selected area electron 
diffraction (SAED) at an applied potential of 200 kV. The crystallographic nature of 
the samples was investigated using X-ray diffraction (XRD) using Bruker AXS, D8 
Advance equipment with Cu-Kα radiation at λ=1.54056 Å. Surface area and pore 
volumes of the annealing TiO2 hollow nanofibers are determined by nitrogen 
adsorption–desorption (BET, Micromeretics Tristar 2000, surface area and pore size 
analyzer). 
3.2.3 Fabrication of TiO2 Hollow Nanofibers Based Lithium Ion Batteries and 
Electrochemical Measurements 
All the electrochemical studies were conducted in standard two electrode coin-cell 
(CR 2016) configuration. The composite electrodes were formulated with 10 mg 
active materials (TiO2 hollow fibers or LiFePO4), 1 mg of conductive additive (super 
P), and 2 mg of Teflonized acetylene black (TAB-2) as binder. Then the composite 
film was pressed on an area of 200 mm
2
 stainless steel mesh, under a pressure of 200 
kg cm
-2
, which acts as a current collector and were subsequently dried at 60 
o
C for 24 
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h before assembling the coin cell under an Ar-filled glove box (MBraun, Germany). 
The electrodes were separated by a microporous glass fiber separator (Whatman, Cat. 
no. 1825-047, UK) and filled with 1 M LiPF6 in an ethylene carbonate (EC)/diethyl 
carbonate (DEC) (1:1 wt%, DAN VEC) mixture as electrolyte. Cyclic voltammetric 
traces were recorded using a Solartron, 1470E and SI 1255B impedance/gain-phase 
analyzer coupled with a potentiostat in a two electrode configuration at a slow scan 
rate of 0.1 mV s
-1
. Galvanostatic cycling profiles were recorded using an Arbin 2000 
battery tester at a constant current density of 100 mA g
-1
 for both half and full-cell 
configurations in ambient temperature conditions. 
3.3 Result and discussion 
3.3.1 Crystal structure and morphology characterizations 
Fig. 3-1 (a) illustrates a schematic representation of the complete process of hollow 
nanofibers synthesis by the electrospinning technique. The insets correspond to 
optical images of the coaxial electrospinning system and the core–shell spinneret, 
respectively. During the electrospinning process, core and shell fluids are highly 
electrified and the induced charges are dispersed over the surface of core and shell 
droplets at the tip of the spinneret due to the high applied voltage between the tip and 
collector. Core and shell droplets are distorted and transformed into a conical shape 
(Taylor cones) with compound jets at the edge of spinneret nozzles, which is 
attributed to electrostatic forces caused by the repulsion of surface charges and the 




Figure 3-1 (a) Schematic representation of the synthesis of TiO2 hollow fibers by 
co-axial electrospinning and (b) magnified view of the formation of core-shell 
nanofibers Taylor cones. (i) Photo image of elecrospinning setup.  
tension of the solutions, the compound Taylor cones are stretched by bending 
instability. The solvents from core and shell solutions are evaporated rapidly due to 
the set-humidity level of 50%. Concentrated core and shell solutions in the traveling 
path lead to the formation of solidified PEO and PVP core and shell nanofiber frames, 
respectively (Fig. 3-1 b). Simultaneously, the hydrolysis of TIP catalyzed by acetic 
acid and condensation of titanium alkoxides also takes place to form amorphous TiO2 
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in the shell according to the reaction process given here 
 
The as-spun core-shell (PEO-PVP/TiO2) nanofibers are calcined at 450 
o
C in an air 
atmosphere to yield single phase TiO2 hollow nanofibers. During the calcination 
process of core-shell nanofibers, PEO and PVP were decomposed and well developed 
crystalline anatase TiO2 hollow nanofibers were formed (Fig. 3-1 a). The feed rate of 
core and shell liquids plays an important role in the shape and size of hollow 
nanofibers. By optimizing the feed rate of core and shell liquids, uniform hollow 




Figure 3-2 (a) FE-SEM image of as-spun core shell PEO-PVP/TiO2 nanofiber and 
corresponding inset TEM image shows the single as-spun core-shell (PEO-PVP/TiO2) 
nanofiber, (b) FE-SEM image of TiO2 hollow nanofiber after calcination and inset 
images corresponds to magnified view of TiO2 hollow nanofiber, (c) TEM image of a 
bundle and individual (inset images with high magnification) TiO2 hollow nanofiber 
after calcinating, (d) HR-TEM image of the anatase TiO2 hollowfibers, (e) SAED 
pattern of TiO2 hollow fibers, (f) Rietveld refined X-ray diffraction pattern of TiO2 
hollow nanofibers after calcination in air.  
The morphological and micro structural properties of the as-spun core–shell (PEO–
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PVP/TiO2) were examined by FE-SEM and TEM, respectively. Fig. 3-2 a shows the 
FESEM image of as-spun core–shell fibers with a smooth surface morphology and 
exhibiting a fiber diameter of ~150 to 200 nm. The TEM image of an as spun fiber is 
given as the inset of Fig. 3-2 a, which clearly shows a thin layer of the single TiO2–
PVP composite shell covering uniformly the entire length of the PEO core nanofibers 
without any noticeable porosity, and suggests the amorphous TiO2 is in the shell layer. 
The diameters of the core and shell parts of the fibers are measured to be 120 ± 20 and 
170 ± 30 nm, respectively. An FE-SEM image of a bundle of TiO2 hollow nanofibers 
after calcination at 450 
o
C in air for 1 h is illustrated in Fig. 3-2 b. The TiO2 hollow 
nanofibers showed a special layer-by-layer nanonet structure and the corresponding 
inset clearly shows the formation of a hollow TiO2 structure after calcination. The 
formation of a hollow TiO2 structure is well supported by the TEM images presented 
in Fig. 3-2 c. The inset image clearly shows the typical microstructure of the TiO2 
hollow nanofiber. This kind of hollow structure is formed when the PEO and PVP are 
removed from the core and shell layer, respectively, during the calcination process 
without destroying the morphology. The inner diameter of TiO2 hollow nanofibers 
after calcination is found to be 80 ± 20 nm, whereas the outer diameter of TiO2 hollow 
nanofibers is 150 ± 30 nm (Fig. 3-2 c). The shrinkage of the inner and outer diameter 
after the calcination process can be attributed to the removal of PEO and PVP from 
core and shell layers and simultaneously leads to the crystallization of TiO2 in the 
outer shell to form hollow structures. A high resolution TEM image of the TiO2 
hollow nanofibers is shown in Fig. 3-2 d. It is revealed that the TiO2 hollow 
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nanofibers possess a highly ordered crystalline structure and the observed lattice 
fringes have an interplanar spacing of 3.5 Å, corresponding to the (1 0 1) plane of the 
anatase phase of TiO2. This indicates that the growth of TiO2 takes place along the (1 
0 1) direction. Well-ordered diffraction rings of (1 0 1), (0 0 4), (2 0 0), (1 0 5) and (2 
0 4) planes are noted in the selected area electron diffraction (SAED) patterns (Fig. 
3-2 e) which confirm presence of the anatase phase. This also demonstrates that the 
TiO2 hollow nanofibers were polycrystalline. We believe that such a unique 
morphology facilitates the faster diffusion of Li-ions during the electrochemical 
reaction and enables a higher contact area towards the electrode/electrolyte interface, 
thereby providing good electrochemical performance. Fig. 3-2 f depicts the X-ray 
diffraction pattern of TiO2 hollow nanofibers. The observed XRD reflections are 
indexed according to the tetragonal structure with the I41/amd space group. The XRD 
pattern clearly reveals the formation of a phase-pure structure without any noticeable 
impurity traces. Rietveld refinement is also conducted using TOPAS V3 software for 
the observed X-ray reflections to calculate the lattice parameters, which are found to 
be a = 3.787 (8) Å and c = 9.507 (9) Å which is consistent with the literature values 
(JCPDS 89-4203). BET surface area of TiO2 hollow nanofibers is also measured and 










Figure 3-3 Cyclic voltammogram of Li/TiO2 hollow nanofibers cells cycled between 
1-3 V at scan rate of 0.1 mV s
–1
, in which metallic lithium serves as both counter and 
reference electrode. 
Electrochemical Li-insertion properties of TiO2 hollow nanofibers were 
investigated in the half-cell configuration (Li/TiO2) by cyclic voltammetry between 1 
and 3 V at a slow scan rate of 0.1 mV s
-1
 in room temperature and illustrated in Fig. 
3-3. For CV measurement, metallic lithium acts as both the counter and reference 
electrode. First, test electrodes are discharged to 1 V vs. Li, during such a cathodic 
sweep Li-insertion takes place in the anatase TiO2 crystal lattice, whereas in the 
anodic scan Li-ions are extracted from the crystal lattice. In the first cathodic sweep, 





. The oxidation process of Ti
3+
 in to Ti
4+
 occurs at ~2.08 V vs. 
Li by a subsequent anodic scan. From second cycle onwards, the cathodic peak 
potential is shifted towards the higher voltage region (~1.67 V vs. Li), but there is no 
deviation in the peak potential is evidenced during the anodic scan. Variation in the 
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peak potential is mainly due to structural re-arrangement or so called formatting 
cycles.
18
 The sharp constructive and overlapping peak potential during the 
Li-insertion/extraction process indicates excellent reversibility during electrochemical 
cycling and corresponds to a two-phase reaction mechanism according to the 
following equilibrium, 
TiO2 + x Li
+
 + x e
–
 ↔ LixTiO2 
 
Figure 3-4 (a) Initial charge-discharge curves of Li/TiO2 hollow nanofibers cell 
cycled between 1-3 V at current density of 100 mA g
–1 
in room temperature, and (b) 
Plot of capacity vs. cycle number 
Charge–discharge studies of Li/TiO2 half-cells were conducted galvanostatically 
between 1 and 3 V vs. Li at a current density of 100 mA g
-1
 (Fig. 3-4). Typical 
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galvanostatic charge-discharge curves of the first two cycles of TiO2 hollow 
nanofibers are illustrated in Fig. 3-4 a. It is evident that the discharge traces were 
composed of a sharp decay followed by a long distinct plateau then monotonous 
curves which are ascribed to solid solution formation, a two-phase region and 
interfacial storage, respectively. The cell delivered a capacity of ~184 (0.55 moles 
lithium) and ~150 (0.45 moles lithium) mA h g
-1
 for the first discharge and charge, 
respectively. An irreversible capacity of ~34 mA h g
-1
 is noted, which is common in 
the case of anatase TiO2.
33
 Here, the reversible capacity 150 mA h g
-1
 is assumed to 
be 1 C, so the applied current density is equal to 0.67 C. Li insertion into anatase TiO2 
hollow nanofibers induces the phase transition from the tetragonal (I41/amd) to the 
orthorhombic (Li0.5TiO2, space group Pnm21) phase. This phase transition occurs 
along with a spontaneous phase separation of a lithium poor (Li0.01TiO2) into a 
lithium-rich (Li0.5TiO2) phase. The long distinct plateau at ~1.7 and 1.94 V vs. Li 
during the discharge and charge process correlates to the bi-phase reaction mechanism 
and is consistent with the peak potential noted in CV analysis.
16
 The cycling profiles 
of Li/TiO2 hollow nanofiber half-cells tested for 300 cycles are given in Fig. 3-4 b. It 
is apparent that the cell delivered more stable cycling profiles with a meager amount 
of capacity fading. After 300 galvanostatic cycles, the test cell retained 84% of its 
reversible capacity at a current density of 100 mA g
-1
. The observed capacity is one of 
the best values obtained on electrospun TiO2 fibers, for instance Nam et al.
28
 reported 





Figure 3-5. (a) Specific capacity of TiO2 hollow nanofibers in half-cell configuration 
between 1-3 V vs. Li at various current densities in ambient temperature conditions. 
Plot of specific capacity vs. cycle number. (b) Galvanostatic cycling performance of 
electrospun anatase nanofibers prepared through two different electrospinning 
techniques such as conventional single needle procedure and co-axial electrospinning 
technique.  
electrospinning, and delivered a discharge capacity of ~150 mA h g
-1
 at a low current 
density of 33 mA g
-1
. Electrospun TiO2 fibers delivered a reversible capacity of ~120 
mA h g
-1
 at a current density of 150 mA g
-1





cycles, as reported by Reddy et al. 
29
 Zhu et al.
34
 reported the long term cyclability of 
electrospun TiO2 nanofibers with 12% rutile phase impurities and displayed a 
reversible capacity of ~144 mA h g
-1
 at a current density of 150 mA g
-1
. 
Further, the electrospun TiO2 hollow fibers are capable of delivering very stable 
cycling profiles irrespective of the current rates which is clearly evident from the rate 
capability studies (Fig. 3-5 a). This clearly showed our electrospun single phase 
anatase TiO2 hollow nanofibers out-performed the rest of these electrospun nanofibers 
in terms of phase purity and battery performance. Such an enhanced performance is 
mainly due to the presence of voids (hollow structure) in the fibers, which allow the 
penetration of electrolyte solution and thereby enable facile Li
+
 transport properties 
compared to solid interiors prepared through conventional single needle 
electrospinning (Fig. 3-5 b). Further, the observed value is one of the best cyclabilities 
reported on the electrochemical performance of anatase phase TiO2 irrespective of the 
morphology, which is clearly evident from the recent review by Kavan 
22
 and Yang et 
al.
15





retention of the fibrous morphology after cycling and the Li-diffusion co-efficient 
cannot be ruled out as responsible for such performance, which increase the 




Figure 3-6. (a) Cyclic voltammogram of Li/electrospun TiO2 hollow fibers cells 
recorded at various scan rates between 1-3 V vs. Li in ambient temperature conditions 
and (b) Relationship between the peak current density and the square root of scan rate 
in anodic processes.  
 The Li-diffusion co-efficient of electrospun TiO2 hollow fibers was obtained from 
the CV traces recorded at various scan rates (Fig. 3-6). It is apparent to notice the 
shifting of peak potential towards higher and lower voltages during Li-extraction and 
insertion reactions, respectively. The Li-diffusion co-efficient was calculated using 








, where n is the number of 
electrons transferred, ip is the current density in A g
-1
, D is the diffusion coefficient of 
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), v is the scan rate (V s
-1
), and C0 (mol cm
-3
) is the maximum lithium 
concentration (C0 = 0.024 mol cm
-3
 for x = 0.5 moles of Li).
35, 36
 By fitting the slope 
of peak current density (ip) vs. the square root of the scan rate (Fig. 3-6 b) into said 
relation, the lithium diffusion coefficient in the anatase titanium oxide hollow fibers 






, which is 
consistent with the previous report by Kavan et al.
35
 
Most of the research reports based on TiO2 anodes (irrespective of the synthesis 
routes) end up with the half-cell configuration and there are no extensive reports 
available on the electrochemical performance of such anodes in the full-cell assembly 
with any of the commercial cathodes (LiCoO2, LiMn2O4 or LiFePO4) to evaluate its 
compatibility towards an intercalation host. By employing TiO2 as an anode in the full 
cell configuration, the net energy density of the battery will be decreased to ~250 W h 
kg
-1
 when compared to metallic lithium, because of the higher insertion potential 
(~1.67 V vs. Li). In this line, we made an attempt to develop high performance Li-ion 
cells based on electrospun anatase TiO2 hollow nanofibers with the LiFePO4 cathode. 
The operating potential of the LiFePO4 cathode (~3.45 V vs. Li) will be reduced to 
less than half while employing TiO2 as the anode. The net operating potential is only 
around ~1.4 V, but is still higher than other commercial rechargeable systems like 




Figure 3-7. Cyclic voltammogram of Li/LiFePO4 cells cycled between 2.5-4 V at 





Figure 3-8 (a) Normalized charge-discharge curves of Li/LiFePO4 cells cycled 
between 2.5-4 V at current density of 100 mA g
–1
 in room temperature, and (b) 
cycling performance of charge/discharge capacity vs. cycle number. 
Mass balance between the electrodes is necessary before conducting the full-cell 
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assembly; hence we made a half-cell for the cathode (Li/LiFePO4) to evaluate the 
electrochemical performance by CV and galvanostatic cycling studies (Fig. 3-7 and 
Fig. 3-8). Based on the galvanostatic charge–discharge studies under the same current 
density of 100 mA g
-1
, mass loading of the electrodes was optimized and the ratio of 
anode (TiO2) to cathode (LiFePO4) was fixed as 1:1.31. The full-cell delivered an 
open circuit potential of ~180 mV.  
 
Figure 3-9 Cyclic voltammogram of  LiFePO4/TiO2 hollow nanofibers cells (Pink 
line) cycled between 0.9-2.5 V at scan rate of 0.1 mV s
–1
;The green line and orange 
line indicate the Cyclic voltammogram profiles of Li/TiO2 hollow nanofibers and 
Li/LiFePO4 cells, respectively.  
Fig. 3-9 depicts typical CV traces of LiFePO4/TiO2 hollow nanofibers full-cell 
cycled between 0.9 and 2.5 V at a slow scan rate of 0.1 mV s
-1
 along with the CV 
signatures of the individual electrodes of LiFePO4 and TiO2 hollow nanofibers for 




Figure 3-10 (a) Typical galvanostatic charge-discharge curves of LiFePO4/TiO2 
hollow nanofibers cells cycled between 0.9-2.5 V at current density of 100 mA g
–1
 in 
room temperature, and (b) Plot of discharge capacity vs. cycle number of 
LiFePO4/TiO2 hollow nanofibers cells with columbic efficiency, in which red square 
and pink circle corresponds to discharge capacity and columbic efficiency, 
respectively.  
sharp oxidation peak at ~1.74 V which corresponds to Li-ion extraction from the 
cathode and simultaneous insertion of Li-ions into the TiO2 lattice. The reduction 
peak at 1.38 V is ascribed to the removal of Li-ion from the anode and the successive 










(TiO2), whereas during discharge the trend has been reversed according to the 
following equilibrium, LiFePO4 + TiO2 ↔ FePO4 + LiTiO2. Constructive overlapping 
of the CV curves with sharp redox peaks corresponds to the excellent reversibility of 
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the full-cell during electrochemical cycling. 
Fig. 3-10 a illustrates the galvanostatic cycling performance of full-cell 
LiFePO4/TiO2 hollow nanofibers cycled between 0.9 and 2.5 V at constant current 
density of 100 mA g
-1
 in ambient temperature for 100% depth-of-discharge. Two 
distinct voltage plateaus can be observed during the charge/discharge process, which 
is in good agreement with the CV traces obtained in Fig. 3-9. The discharge curves in 
full-cell configurations are similar to TiO2 hollow nanofibers in the half-cell assembly 
and divided into three regions, which is consistent with previous report by Choi et 
al.
39
 The full cell of LiFePO4/TiO2 hollow nanofibers delivered a reversible capacity 
of 103 mA h g
-1
 at a current density of 100 mA g
-1
 with a Coulombic efficiency of 
68%. The lesser Coulombic efficiency in the initial cycle is expected, since a huge 
amount of irreversible capacity loss (~34 mA h g
-1
) is noted in half-cell configuration 
for TiO2 hollow nanofibers. The applied current density of 100 mA g
-1
 is equal to 0.97 
C, since the reversible capacity is found to be 103 mA h g
-1
. A plot of discharge 
capacity vs. cycle number is presented in Fig. 3-10 b, with Coulombic efficiency. It is 
evident that, LiFePO4/TiO2 hollow nanofibers presented excellent cyclability up to the 
300 cycles tested. The LiFePO4/TiO2 hollow nanofibers cell retained 88% of its 
reversible capacity after 300 galvanostatic cycles. The Coulombic efficiency is 
increased to over 99% within 10 cycles and thereafter the same efficiency was 
maintained for the measured 300 cycles, which indicates the excellent reversibility 




Figure 3-11 (a) Galvanostatic charge–discharge curves of LiFePO4/TiO2 cells cycled 
between 0.9 and 2.5 V at various current densities from 0.05-1 A g
-1
 in room 
temperature, and (b) plot of discharge capacity vs. cycle number. 
At low current rates (50 mA g
-1
), the full-cell LiFePO4/TiO2 hollow nanofibers 
delivered a reversible capacity of ~140 mA h g
-1
, whereas only ~30 mA h g
-1
 was 
obtained at the current density of 1 A g
-1
 (Fig. 3-11). It is very difficult to compare the 
state-of-art LIB based on TiO2 anodes due to the slightly higher insertion potential, 
and hence less research work has been reported. Choi et al.
39
 reported the 
electrochemical performance of homemade LiFePO4/graphene-TiO2 composite cells 
and delivered a stable reversible capacity over a reported 700 cycles at a 10 C rate. 
The performance of electrospun TiO2 nanofibers with LiMn2O4 cathodes were 
reported by Suresh Kumar et al.
32
 and the test cell experienced a capacity fade of 19% 
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after 100 cycles at a current density of 150 mA g
-1
. The net operating potential of this 
LiFePO4/TiO2 hollow nanofiber cell is found to be only ~1.4 V and hence this cell can 
be used effectively for miniature and stationary applications. Recently, Hassoun et 
al.
40
 reported the performance of a LiFePO4/TiO2-rutile phase configuration with a 
PEO-based dry solid polymer electrolyte and experienced a capacity fade during 
cycling, but no long term cyclability was reported. On the other hand, the liquid 
electrolyte comprising full-cell configuration (LiFePO4/TiO2-rutile phase) delivered 
better cyclability than the solid polymer electrolyte system with a reversible capacity 
of ~150 mA h g
-1
 at a current rate of C/3. The performance of mesoporous TiO2-C 
nanospheres in a full-cell assembly with LiFePO4 was reported by Cao et al.
41
 
However, the full-cell assembly is fabricated without any proper optimization. Further, 
the inclusion of an excess amount of anode has also been carried out which results in 
the consumption of more Li. As a result, a reversible capacity of only 100 mA h g
-1
 
(based on the anode mass) was obtained and this also delivered the worst rate 
capability compared to our present system. More importantly, the working potential 
of the present configuration is still higher than aqueous based rechargeable battery 
systems like lead–acid, Ni–Cd and Ni–MH.1 In addition, the full-cell system is made 
up of completely eco-friendly, low cost materials and can possibly be explored for 
heavier applications like EV and HEV in near future by making stacks.
38
 Further 
studies are in progress to improve the cell potential based on the TiO2 hollow 




3.3.3 The Effect of Post-annealing Temperature of TiO2 Hollow Nanofibers   
 
Figure 3-12 Specific capacity of co-axial electrospinning TiO2 nanofibers with 
different post-annealing temperature at different charge/discharge rate 
To investigate the effect of post-annealing temperature, the co-axial electrospinning 














C, TiO2 nanofibers-800 
o
C and TiO2 nanofibers-900 
o
C. In order to 
establish the influence of post-annealing temperature on the capacity retention 





C, TiO2 nanofibers-800 
o
C and TiO2 nanofibers-900 
o
C at 
various current densities (Figure 3-12). The discharge capacities of TiO2 
nanofibers-500 
o
C is 171.1 mA h g
−1
 when cycled at a small current density of 0.3 C 
for 10 cycles; while TiO2 nanofibers-700 
o
C, TiO2 nanofibers-800 
o





C showed lower specific capacity of 141.2, 75.3 and 49.6 mAh g
-1
 at 
0.3C respectively. When increasing the current density to 0.6C, 1.2C, 2.4C and 4.8C, 
the corresponding specific capacity values of TiO2 nanofibers-500 
o
C are 150, 131, 
111.5 and 89.5 mA h g
−1
, respectively. When the current rate increased to 4.8C, the 
specific capacity of TiO2 nanofibers-700 
o
C, TiO2 nanofibers-800 
o
C and TiO2 
nanofibers-900 
o
C reduced to 26.1, 9.6 and 6 mAh g
-1
 respectively. The lower 
post-annealing temperature is beneficial for the high rate performance of the co-axial 
electrospinning TiO2 nanofibers cell for prolonged cycling.  
 
 
Figure 3-13. XRD pattern of co-axial electrospinning TiO2 nanofibers with different 
post-annealing temperature 
In order to insight explore the structural properties of co-axial electrospinning TiO2 
nanofibers, a temperature dependent XRD study was conducted. XRD pattern of 
96 
 
co-axial electrospinning TiO2 nanofibers synthesized by post-annealing temperature 
from 500 
o
C to 900 
o
C was shown in Fig 3-13. The TiO2 nanofibers-500 
o
C sample 













corresponds to (101), (004), (200), (105), (211) and (204) of anatase phase TiO2. No 
additional impurities were detected, indicating the pure anatase phase of TiO2. When 
the calcination temperature rise to 700 
o
C, the sample exhibited an anatase-rutile 
biphasic system with peaks at 25.14 
o
 and 27.34 
o
, corresponding to the anatase (101) 
and rutile (110) phase respectively. The increase in peak intensity with post-annealing 
temperature demonstrated the enhancements in crystallinity. Upon increasing the 
post-annealing temperature to 800 
o
C, the sample showed the increase content in 
rutile phase TiO2. Further increase the temperature to 900 
o
C, the XRD pattern has 








 and 56.6 
o
, which is 
indexed to the (110), (101), (111), (211) and (220) planes of rutile TiO2. The phase 
transformation from anatase to rutile is ascribed to the nucleation and growth 
mechanism, which is governed by structural defect and grain boundary concentration. 
The higher calcination temperature improves the crystallinity and amount of 
nucleation sites, which favors the transformation from anatase to rutile phase. The 
anatase and rutile contents in the sample were calculated using Spurr-Myers equation, 
𝐹𝐴 = 100 −
1
1+0.8[𝐼𝐴(101)/𝐼𝑅(110)]




 x 100% 
where FA and FR are the mass fraction of anatase phase and rutile phase in the sample. 
IA and IR are the intensities of diffraction peaks of anatase (101) and rutile (110). The 
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specifications (such as lattice parameters, phase content, crystal size and crystal 
density) of co-axial electrospinning TiO2 nanofibers with different post-annealing 
temperature are summarized in table 3-1. 
Table 3-1. The specifications of co-axial electrospinning TiO2 nanofibers with 





























a = 3.782(3) 
c = 9.507(3) 





a = 3.782(2) 
c = 9.516(1) 
82.1 19.6 
a = 4.593(4) 
c = 2.958(5) 





a = 3.779(5) 
c = 9.499(9) 
56.9 22.5 
a = 4.593(1) 
c = 2.949(9) 





a = 3.773(5) 
c = 9.465(2) 
10.9 36.8 
a = 4.594(2) 
c = 2.959(3) 





-- -- -- 
a = 4.590(6) 
c = 2.957(4) 
100 54.5 4.212 
The TiO2 nanofibers-500 
O
C with pure anatase phase demonstrated an enhanced 
electrochemical performance than that of TiO2 nanofibers-600 
O
C to 800 
O
C with 
anatase-rutile mix phase and TiO2 nanofibers-900 
O
C with rutile phase (Fig 3-12). The 
reason is the anatase form TiO2 is more electrochemical active than the rutile form 
TiO2. It is well known that Li diffusion in rutile TiO2 is highly anisotropic, which 

























transport is very slow in the ab-planes, which restrict Li ions reaching the 
thermodynamically favorable octahedral sites. Furthermore, repulsive Li–Li 
interactions in c-channels together with trapped Li-ion pairs in the ab-planes block the 




 In comparison with the rutile structure, Li
+
 
diffusion are more facile in the anatase lattice. Since the anatase TiO2 has a tetragonal 
body-centered space group I41/amd, Li
+
 diffusion in an anatase framework occurs 





A simple co-axial electrospinning approach was adopted for the synthesis of one 
dimensional anatase TiO2 hollow nanofibers. Firstly, TiO2 hollow nanofibers were 
characterized in the half cell configuration and subsequently employed as anode in the 
full-cell configuration. The full-cell was fabricated using TiO2 hollow nanofibers as 
the anode and olivine phase LiFePO4 as the cathode under optimized mass loading. 
The LiFePO4/TiO2 hollow nanofiber cell exhibited a relatively high reversible 
capacity of 103 mA h g
-1
 at a current density of 100 mA g
-1
 and retained 88% of its 
reversible capacity after 300 cycles. The unique structure, with a large surface area 
and short diffusion pathways of the electrospun TiO2 hollow nanofibers played a vital 
role for such excellent performance. This technique can be extended for other 
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Chapter 4 Electrospun TiO2-graphene composite nanofibers as 
highly durable insertion anode for lithium-ion batteries  
In this chapter, we explored the synthesis and electrochemical performance of one 
dimensional TiO2-graphene composite nanofibers (TiO2-G nanofibers) by simple 
electrospinning technique for first time. Structural and morphological properties were 
characterized by various techniques, such as X-ray diffraction, SEM, TEM, Raman 
spectroscopy and BET surface area analysis. Lithium insertion properties were 
evaluated by both galvanostatic and potentiostatic modes in half-cell configurations. 
Cyclic voltammetric study reveals the Li-insertion/extraction by two-phase reaction 
mechanism that is supported by galvanostatic charge-discharge profiles.  Li/TiO2-G 
half cells showed initial discharge capacity of 260 mAh g
–1
 at current density of 33 
mA g
–1
. Further, Li/TiO2-G cell retained 84% of reversible capacity after 300 cycles 
at current density of 150 mA g
–1
, which is 25% higher than bare TiO2 nanofibers 
under the same test conditions. The cell also exhibits promising high rate behavior 
with discharge capacity of 71 mAh g
–1




* Work presented in this chapter has been published in ‘The Journal of Physical Chemistry C, 







LIB technology has been the forerunner in portable and mobile applications. Their 
performance however still lies behind for emerging applications such as EV and 
HEV
1-3
. New LIB electrode materials that would offer not only high specific 
capacities but also safety and cycling durability are essential for high volume LIB 
applications
4
. Titanium dioxide, TiO2 (anatase), have emerged as promising LIB 
anode alternative due to its high theoretical capacity (335 mAh g
−1
), flat operating 
potential (arising from two phase-reaction mechanism), low volume expansion during 
lithium intercalation/de-intercalation (3-4%) leading to long cycle life and durability. 
In addition, TiO2 is an abundant, low cost, environmentally benign electrode material 
that offers enhanced safety as compared to graphite owing to its higher insertion 
potential (~1.7 V vs. Li) that prohibits lithium plating
5, 6
.  
However, the practical electrochemical performance of anatase-TiO2 is still not 
optimal due to poor electron transport, aggregation tendency of TiO2 nanoparticles, 
slow Li-ion diffusion, and inherent electronic conductivity issues. Ongoing research 
activities are targeted towards improving the ionic and electronic transport properties 
of titania. One such approach is tailoring particle size and morphology of anatase 
TiO2 to enhance lithium diffusion and electronic conduction path. 1D metal oxide 
nanostructured materials such as nanowires, nanotubes, and nanorods are particularly 
interesting in LIBs owing to the large surface to volume ratio, their vectorial ion and 
electron transport and ability to  accommodate lithiation induced stresses
7, 8
. To date, 
considerable efforts have been devoted to the synthesis of TiO2 nanomaterials with 
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various morphologies through different routes such as sol-gel, micelle, and reverse 
micelle, hydrothermal/solvothermal methods
7-9
. Another approach to improve the 
Li-ion insertion properties of titania is to fabricate composite nanostructured 
electrodes that interconnect titania with a conducting additive nanophase (such as 
carbon, CNT) that provides a facile electron pathway
10, 11
. 
Similarly, graphene based materials have also been emerged as prospective 
electrodes in LIB applications because of its unique properties like high specific 











Young’s modulus (1.0 TPa), thermal conductivity (5000 Wm−1 K−1), optical 
transmittance (∼97.7%) and excellent electrical conductivity12-14. Graphene has been 
considered as anode material for LIBs with the theoretical capacity of 744 mAh g
−1
 
based on the turbostatic lithium storage mechanism (Li2C6). Owing to it superior 
electrical conductivity and mechanical stability several hybrid nanocomposite 
consisting of graphene and electro active material (viz. Co3O4, Fe2O3, SnO2, MnO2, 
Li4Ti5O12 etc.) have also been synthesized and tested in LIB
15-20
.   
In the present study, we have fabricated electrospun TiO2-Graphene (TiO2-G) one 
dimensional nanofibers to improve the electrical conductivity and Li-ion diffusion 
pathways of anatase TiO2
21
. Scalable, low cost electrospinning technique was 
employed to synthesize one dimensional anatase-TiO2 nanofibers that would enhance 
the Li-diffusion properties
22, 23
. Electrospining technique has been well demonstrated 
to pattern the materials in one dimensional structures for various applications such as 
Li-ion batteries
24, 25







Lithium insertion properties of TiO2-G nanofibers were evaluated in half-cell 
configurations and compared with bare- TiO2 electrospun nanofibers. Promising high 
rate lithium intercalation behavior was exhibited by TiO2-Graphene nanofibers as 
compared to the pristine demonstrating their potential as a prospective anode for high 
performance LIB applications.  
4.2 Experimental 
Polystyrene (PS, Mn = 192,000), titanium isopropoxide (TIP, 97%), N,N-Dimethyl 
formamide (DMF, 99.8%) and acetic acid (99.7%) were purchased from 
sigma-Aldrich (Germany) and used as received.  
4.2.1 Synthesis of graphene  
Graphene nanosheets were synthesized by chemical reduction of exfoliated graphene 
oxide using a modified Hummers method. Firstly, 2 g of NaNO3 was dissolved in 100 
ml of concentrated H2SO4 in an ice-bath. 4 g of commercial graphite powder (Sigma 
Aldrich) and 14.6 g of KMnO4 was slowly added into this mixture and the 
temperature was maintained below 20 
o
C with vigorous stirring for 2 h. Temperature 
of this mixture was increased to 35 
o
C and was stirred at this temperature for 12 h to 
form a brown paste. 180 ml of deionized water (DI water) was added to the mixture 
and stirred for 15 min. 110 ml of DI water and 14 ml of 30% H2O2 were consequently 
added into the mixture to compete the oxidation process. The colour of the mixture 
changed from brown to yellow. The mixture was washed with 1M HCl, and DI water 
to remove residual ions and dried at 60 
o
C under ambient condition. Exfoliation was 
carried out by sonicating the graphene oxide (500 mg) in deionized water (500 mL) 
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for 1 h followed by reduction with NaBH4 (1.5 g) for 24 h and centrifugation for 10 
min to separate the graphene nanosheets. The solution pH was adjusted in the range of 
9-10 using Na2CO3 or NaOH. The as prepared graphene was centrifuged and washed 
with deionized water and dried at 60 
o
C (Given in supplementary). 
4.2.2 Preparation of titanium dioxide-graphene composite nanofibers 
40 mg graphene and 10 mL of DMF were sonicated for 12 h to disperse graphene 
nanosheets into DMF solution. PS (1.5 g) was then added to the above solution and  
stirred for 24 h, 3 mL of acetic acid and 1.5 g of TIP was slowly added into the above 
mixture and stirred continuously for 12 h to yield homogeneous solution. The 
prepared homogeneous solution was loaded into plastic syringes (10 mL) and 
subsequently placed into a commercial electrospinning setup (NANON, MECC 
Japan). A high-voltage power of 25 kV was applied to the needle tip. The flow rate of 
fluid was set to 1 mL/h. The humidity level inside the electrospinning chamber was 
55 ± 5%. The nanofibers were collected on an aluminium foil wrapped around a flat 
plate placed 12 cm below the needle tip (22G). The electrospun TiO2-graphene 
composite nanofibers were then calcined at 450 
o
C for 1 h in Ar environment to 
decompose polystyrene
28
. The heating and cooling rate was set to be 5 
o
C/min. During 
the electrospining process, the liquid droplet containing the TIP, polymer and ethanol 
becomes charged when a sufficiently high voltage and electrostatic repulsion 
counteracts the surface tension and the droplet is stretched. The fine nanofibers were 
then drawn using the electrical charge. During the formation of nanofibers, the solvent 
was evaporated away and polystyrene was solidified into nanofibers instantly, 
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followed by the readily hydrolization of TIP catalyzed by acetic acid and 
condensation of titanium alkoxides to form TiO2. The process can be schematically 


















4.2.3 Characterizations  
Powder X-ray diffraction measurement was carried out using Bruker AXS, D8 
Advance X-ray diffractometer equipped with Cu K radiation between 10 to 80o. The 
morphological features and chemical composition were examined by FE-SEM 
(JEOL-6701F, Japan) with an Energy dispersive X-ray spectrometer (EDS) 
attachment.  Particle morphology of the synthesized composites was observed using 
TEM (JEOL 3010, Japan) and selected area electron diffraction (SAED). Specimens 
were prepared by ultrasonically dispersing TiO2-graphene composite nanofibers in 
ethanol followed by dropping the suspension on a carbon-coated copper grid. The 
surface area and pore volume were determined by nitrogen adsorption/ desorption 
using the Brunauer–Emmett–Teller method (BET, Micromeretics Tristar 2000, 
surface area and pore size analyzer). The sample was degassed under inert nitrogen 
(N2) at 300 
o
C for 12 h prior to BET measurements (under standard protocols at 77 
K).  
4.2.4 Fabrication of TiO2-graphene Composite Nanofibers Based Lithium Ion 
Batteries and Electrochemical Measurements 
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All the electrochemical studies were conducted in two electrode coin-cell (CR 2016) 
configuration. In the electrochemical measurements, metallic lithium was used both as 
counter and reference electrodes. The composite anode was formulated with 10 mg of 
active material (TiO2-G nanofibers), 1 mg of super P, and 2 mg of binder (Teflonized 
acetylene black, TAB-2). This mixture was pressed on a 200 mm
2
 stainless steel mesh 
which serves as current collector and subsequently dried at 60 °C for overnight before 
conducting cell assembly in Ar filled glove box (MBraun, Germany). The electrodes 
were separated by microporous glass fiber separator (Whatman, Cat. No. 1825-047, 
UK). Standard 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 
wt. %, DAN VEC) mixture was used as the electrolyte solution. Cyclic voltammetric 
traces were recorded using Solartron, 1470E and SI 1255B Impedance/gain-phase 
analyzer coupled with a potentiostat in two electrode configuration. Galvanostatic 
cycling profiles were recorded using Arbin 2000 battery tester at various current 
densities between 1-3 V at room temperature.  
4.3 Results and discussion 
4.3.1 Crystal structure and morphology characterizations 
Field emission scanning electron microscopy (FE-SEM) was performed to investigate 
the morphological features of TiO2-graphene composite nanofibers (hereafter 




Figure 4-1 (a) FE-SEM image of a bundle of as-spun TiO2-graphene composite 
nanofiber mats. Inset is the optical image of as-prepared sol-gel solution before 
electrospinning, (b) FE-SEM image of a bundle of TiO2-graphene composite 
nanofiber mats sintered at 450 
o
C in Ar atmosphere. Insert is the optical image of 
as-electrospun TiO2-graphene composite nanofibers before heat treatment. (c) 
Magnified FE-SEM image of the surface of TiO2-graphene composite nanofibers. 
Inset is the optical image of as-electrospun TiO2-graphene composite nanofibers after 
heat treatment and (d) FE-SEM image of the tip of TiO2-graphene composite 
nanofibers with another magnification 
as-spun TiO2-graphene composite nanofibers. The image clearly indicates the 
formation of highly interconnected networks of fibers. In order to ensure the 
formation of homogeneous solution before spinning, an optical image has been 
recorded and presented in inset of Fig. 4-1a. Optical image of as-prepared sol-gel is in 
dark black colour and it is due to the presence of graphene nanosheets in the solution. 
Fig. 4-1b shows a FE-SEM image of TiO2-graphene composite nanofibers after the 
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calcination at 450 
o
C for 1 h under Ar atmosphere. The inset picture represents the 
optical image of as-spun TiO2-graphene composite nanofibers showing the colour of 
the fibers is to be pure white. The image clearly reveals the retention of fibrous 
morphology after the heat treatment. High magnification FESEM micrographs of 
TiO2-G nanofibers reveal a highly porous surface of fibers is evidently seen from the 
higher magnification of the TiO2-G nanofibers pictures (Fig. 4-1c and d). Inset in Fig. 
1c shows the optical image of sintered fibers that appeared black in colour. 
Electospun fiber diameter of 100-200 nm is obtained after heat treatment as seen from 
FESEM images (Fig 4-1c and 1d).  
 
Figure 4-2 (a) EDS spectrum of TiO2-graphene composite nanofibers, (b) 
Corresponding TEM image of a single TiO2-graphene composite nanofiber for 
elemental mapping, (c) Mapping of Carbon, (d) Mapping of Titanium and (e) 
Mapping of Oxygen  
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Energy dispersive X-ray spectrum (EDS) of TiO2-G nanofibers also recorded along 
with elemental mapping and presented Fig 4-2. The EDS analysis revealed the molar 
ratio of Ti and O is found to be 1:2 for the above fibers, which is in good agreement 
with the stoichiometric ratio of TiO2. Carbon content (graphene) estimated from EDS 
analysis was found to be 9.9 wt.%. TGA analysis of PS under Ar atmosphere clearly 
indicates the negligible amount of pyrolysed carbon (0.47 wt.%) present in the 
TiO2-G nanofibers during decomposition. The results of TEM examination combined 
with the corresponding EDS mapping for the elements of C, Ti and O are presented in 
Fig 4-2 (b-e). No other impurities phases were seen in the samples. The mapped red, 
green and blue regions correspond to carbon, titanium and oxygen elements, 
respectively indicating homogeneous distribution of graphene and TiO2 throughout 
the electrospun nanofiber. One dimensional nanofiber morphology is coupled with 
uniform distribution of conducting graphene nanosheets would certainly provide 
faster electronic transport and lithium diffusion in TiO2-G nanofibers during 




Figure 4-3 (a) TEM image of  a single TiO2-graphene composite nanofibers, (b) 
Corresponding SAED pattern, (c) and (d) HR-TEM images of TiO2-graphene 
composite nanofibers (The anatase TiO2 phase indicated by red line) 
Microstructure of TiO2-graphene composite nanofibers was further examined by 
transmission electron microscopy (TEM) and presented in Fig. 4-3.  Fig. 4-3 a shows 
the typical microstructure of a single TiO2-G nanofiber with voids. The highly 
crystalline TiO2 were uniformly distributed in the graphene nanosheets in a broad area 
to form the composite materials. The corresponding crystalline diffraction rings of 
(101), (004), (200) and (105) in the selected area electron diffraction (SAED) patterns 
(Fig. 4-3 b)) confirmed the formation of polycrystalline TiO2 anatase phase in 
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TiO2-graphene composite nanofiber. As shown in Fig. 4-3 (c & d), the high resolution 
TEM image revealed the TiO2-G nanofibers possessed a well crystallized structure 
and lattice fringes of TiO2 comprising an interplanar spacing of 0.35 nm and it 
corresponds to (101) plane of anatase phase. There is unambiguous evidence that the 
TiO2 crystals were sandwiched between a few layers of graphene nanosheets with a 
particular lattice spacing of 0.35 nm.  
 
Figure 4-4 (a) Powder X-ray diffraction patterns of TiO2-graphene composite 
nanofibers and (b) Raman spectrum of TiO2-graphene composite nanofibers 
Powder X-ray diffraction (XRD) pattern of TiO2-G nanofibers sintered at 450 
o
C is 
given in Fig. 4-4 a. The XRD reflections showed presence of phase pure anatase TiO2 
structure in nanofibers that belongs to the body-centered type with space group of 
I41/amd. No impurity phases were seen. 
 
Anatase TiO2 structure consists of TiO6 
octahedra sharing two adjacent edges with two other octahedral sites, so that planar 
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double chains are formed. In this case, Li-ions diffusion takes places along a reaction 
path connecting the octahedral interstitial sites. Rietveld refinement was conducted 
using TOPAS V3 software for the observed X-ray reflections to calculate the lattice 
parameters and found to be a= 3.793(9) Ǻ and c = 9.482 (5) Ǻ. The observed values 
are consistent with the literature (JCPDS 89-4203). Crystallite size was calculated 
using Scherrer formulae and is found to be 6 nm.  Fig. 4-4 b shows the Raman 
spectrum of TiO2-graphene composite nanofibers recorded between 200–1800 cm
–1
. 
Raman spectra showed the broadened characteristic frequencies at ~1351 and ~1600 
cm
–1
 which corresponds to the D and G bands, respectively.
30
 Frequencies at ~398 
and 499 cm
–1
 assigned to the B1g and A1g vibrational modes of TiO2 anatase phase, 
respectively
31, 32
. The intensity ratio of D and G bands (ID/IG) provides useful 
information about degree of crystallinity of the graphene nanosheets. Higher intensity 
ratio means the higher defect concentration in the graphite comprising sp
2
 
hybridization. The intensity ratio ID/IG in TiO2-G was found to be 0.76 indicating 
lower crystallinity degree that can be ascribed to the presence of graphene layers, 







Figure 4-5 N2 adsorption and desorption isotherm of bare and TiO2-graphene 
composite nanofibers and the inset is pore size distribution.  
Fig. 4-5 shows the N2 adsorption–desorption isotherms of the TiO2-G and bare TiO2 
nanofibers. The corresponding texture properties of TiO2-G and bare TiO2 nanofibers 
are summarized in Table 4-1. The TiO2-G nanofibers exhibits type IV isotherm curves 
with a well-defined characteristic condensation step at (P/Po) 0.3–0.5 that clearly 
indicates mesoporous nature of TiO2-graphene composite nanofibers. The intersection 
point in the N2 adsorption/desorption curves of TiO2-G nanofibers demonstrated that 
the surface contained uniform sized pores. The pore size distribution was calculated 
based on Barrett–Joyner–Halenda (BJH) method. A narrow pore-size with average 
pore diameter of 10.6, 18.2 nm was observed for TiO2-G nanofibers and bare TiO2 
nanofibers, respectively. BET study revealed that the TiO2-G nanofibers comprising 




, which is about 3 times higher than that of 
































































 respectively. The higher 
specific surface area is one of the pre-requisite for the electrode materials, since 
highly exposed surface area facilitate faster diffusion of Li-ions due to the extended 
electrode/electrolyte interface.  
Table 4-1. Texture properties of TiO2-graphene composite nanofibers and bare TiO2 
nanofibers 
Morphology 













(graphene 9.9 wt.%) 
191 ± 5 8.6 0.4 
 




52 ± 4 18.2 0.239 d =100 ± 63 nm 
4.3.2 Electrochemical Performance of TiO2-graphene composite nanofibers 
Electrochemical performances of bare and TiO2-G nanofibers were evaluated in 
half-cell configuration (Li/TiO2 or TiO2-G) between 1-3 V in room temperature. 
Half-cells were subjected to cyclic voltammetric measurements at scan rate of 0.1 mV 
s
–1
, in which metallic lithium act as counter and reference electrode, respectively. The 
CV traces of Li/TiO2-G cells for first three cycles are presented in Fig. 4-6 a. The cell 
showed an open circuit voltage (OCV) of ~2.90 V vs. Li. Cell was first discharged to 




Figure 4-6 Cyclic voltammogram of (a) TiO2-graphene composite nanofibers and (b) 
TiO2 bare nanofibers half-cells cycled between 1-3 V at scan rate of 0.1 mV s
–1
, in 
which metallic lithium serves as both counter and reference electrode. 




. The CV traces showed sharp 
peaks at ~1.66 V and ~2.07 V during cathodic and anodic sweeps, respectively. The 
cathodic scan corresponds to the Li insertion and the anode sweep indicates extraction 




 during the cathodic scan and subsequent 
oxidation to 4+ during anodic scan indicates the excellent reversibility of the 
anatase-TiO2-graphene insertion host. The sharp oxidation/reduction peaks reveal the 
two-phase reaction mechanism during electrochemical lithium insertion/extraction 
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. However, in 
the subsequent cycles, small deviations in the peak positions are noted possibly due to 
structural re-arrangement of TiO2 crystal lattice. The bare TiO2 nanofibers also 
exhibited the similar kind of redox reactions, except variation in the intensity of the 
peaks and slight shift in the potential towards higher voltage is noted. The sharp 
intense peaks clearly show the extended two-phase reaction when compared to the 
bare TiO2 nanofibers (Figure 4-6 b). 
 
Figure 4-7 (a) Initial charge-discharge curves of Li/TiO2-graphene composite 
nanofibers half-cell cycled between 1-3 V at current density of 33 mA g
–1
 in room 
temperature, and (b) Cycling performance of the Li/TiO2-graphene composite 
nanofiber cell 
Galvanostatic cycling profiles of Li/TiO2-G half-cells are performed between 1-3 V 
at constant current density of 33 mA g
–1
 in room temperature. Typical signature of the 
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charge-discharge curves for first two cycles of Li/TiO2-G cells are given in Fig. 4-7 a. 
First, the cell has been discharged to intercalate lithium-ions into the TiO2 matrix. 
During Li-insertion, TiO2 lattice undergoes a first order phase transition from 
tetragonal (I41/amd) to orthorhombic (Li0.5TiO2, space group Pnm21) phase which is 
due to the loss of symmetry in y direction. This phase transition occurs along with a 
spontaneous phase separation of lithium-poor (Li0.01TiO2) into lithium-rich (Li0.5TiO2) 
phase that has been previously reported by several researchers
5, 35
. The cell delivered 
the initial discharge capacity of 260 mAh g
–1
 at constant current density of 33 mA g
–1
 
and it corresponds to the insertion of 0.78 moles of Li per formula unit. In first charge, 
the cell delivered reversible capacity of 185 mAh g
–1
 (0.55 moles of Li) against the 
theoretical capacity of 335 mAh g
–1
 for one mole of lithium. In the present case the 
reversible capacity, 185 mAh g
–1 
is assumed to be 1 C and hence the applied current 
density 33 mA g
–1
 belongs to 0.18 C. The irreversible capacity in the first cycle is 




which corresponds to 0.22 moles of lithium. The cycling 
curves showed the shortened plateau regions or bi-phase region at ~1.7 V and ~2 V 
for discharge and charge, respectively. This shortened two-phase region correlates the 
information that, interfacial lithium storage is slightly dominant rather than insertion 
9
. 
The presence of plateau region during charge-discharge process reflects well with CV 
traces obtained above and confirmed the Li-insertion takes place by two-phase 
reaction mechanism. Similar kind of shortened two phase region was noted by other 
researchers for graphene-TiO2 composites for example, Ding et al.
36
 for 
graphene/TiO2 composites, Wang et al.
37
 for self-assembled TiO2–graphene hybrid 
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nanostructures and Shen et al.
38
 for three dimensional TiO2–graphene–CNT 
nanocomposites. Fig. 4-7 b shows the cycling performance of Li/TiO2-G cell cycled 
between 1-3 V at 33 mA g
–1
. The cell showed an almost stable cycling profile, 
however a meager amount of capacity fading is noted in the initial few cycles. Further, 
it is obvious to note that, after few initial cycles the columbic efficiency is found to be 
over 99%. The cell displayed the discharge capacity of 153 mAh g
–1
 after 100 cycles. 
The capacity fading calculated after 10 initial cycles and it is estimated to be ~0.23 
mAh g
–1
 per cycle. The capacity fading in the initial cycles are due to the loss of 
symmetry during phase transition accompanied by a decrease in unit cell along c-axis 
and subsequent increase of unit cell volume (~4%) along the b direction that results in 
capacity fading
7







Figure 4-8 (a) Initial charge-discharge curves of bare TiO2 nanofibers and 
TiO2-graphene composite nanofibers cycled between 1-3 V vs. Li at current density of 
150 mA g
–1
 and (b) cycling performance and (c) specific capacity with different 
current densities. 
The effect of graphene on the durability of anatase-TiO2 nanofibers are evaluated 
for prolonged cycles in same half-cell configurations at relatively high current rate of 
150 mA g
–1
 and compared with bare anatase TiO2 nanofibers. The bare TiO2 





. The cycling studies of bare and TiO2-G nanofibers are conducted 
for 300 cycles between 1-3 V at room temperature and illustrated in Fig 4-8 b. TiO2-G 
nanofibers exhibited an initial capacity of 214 mAh g
–1
 which is higher than that of 
bare TiO2 nanofibers (184 mAh g
–1
). After 300 cycles, TiO2-G nanofibers and bare 
TiO2 nanofibers gave discharge capacities of 131 and 98 mAh g
–1
 respectively at 
current density of 150 mA g
–1
. At the end of 300 cycles, TiO2-G nanofibers exhibited 
higher reversible capacity retention of 84% as compared to 59% for bare TiO2. This 
improvement in the capacity retention of TiO2-G composites nanofibers are attributed 
to the presence of interconnecting highly electronically conducting graphene amidst 
the titania nanofibers. The graphene nanosheets enable the faster transportation of 
electrons at high current operations that leads to enhanced cell performance. 
Furthermore, the 1D nanostructural fibers with highly exposed surface area towards 
electrolytes provides the facile insertion/extraction of Li-ions during high rate 




Figure 4-9. (a) Initial discharge-charge curves of bare TiO2 nanofibers, 
TiO2-Graphene composite nanofibers and TiO2-Graphene composite nanoparticles in 
half-cell configuration cycled between 1-3 V vs. Li at constant current density of 150 
mA g
–1
 (b) plot of discharge capacity vs. cycle number  
In order to establish the influence of graphene on the capacity retention properties 
higher current rates were applied on both bare-TiO2 and TiO2-G cells (Fig 4-8 c). 
TiO2-G nanofibers cell exhibited discharge capacities of 125, 105, 86 and 71 mAh g
–1
 
for current density of 300, 600, 1200 and 1800 mA g
–1
, respectively, whereas bare 
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TiO2 fibers showed discharge capacities of 119, 99, 79 and 67 mAh g
–1
 for the same 
current densities. As expected, increasing current density leads to the decrease in 
discharge capacity profile due to the less participation or surface of the active material 
involved in electrochemical reaction causes such fade 
39
. The obtained results clearly 
showed the improved capacity retention properties of composite TiO2-G fibers as 
compared to bare TiO2 fibers. Presence of graphene is beneficial for the high rate 
performance of the cell for prolonged cycling with minimal capacity fade. Further 
studies such as altering the graphene concentration to suppress the irreversible 
capacity of TiO2-G nanofibers in the first cycle and improve the reversible capacity 
during prolonged cycling are in progress.  
 
Figure 4-10 Electrochemical impedance spectroscopic traces of TiO2-bare nanofibers 
and TiO2-graphene composite nanofibers.  
In order to validate the influence of graphene on the electronic conductivity of TiO2 
nanofibers, an electrochemical impedance spectroscopy (EIS) was utilized and typical 
Nyquist plot is given in Figure 4-10. The EIS spectra comprises semicircle followed 
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by vertical tail inclined, the appearance of such high-frequency region is attributed to 
the formation of solid electrolyte interface film and/or contact resistance and medium 
frequency region is assigned to the charge-transfer (CT) impedance across the 
electrode/electrolyte interface
40
. The vertical tail inclined at 45
o 
angle to the real axis 
corresponds to the lithium diffusion kinetics towards the electrodes called as Warburg 
tail
41
. Form figure 4-10, it can be observed that the diameter of semicircle in 
medium-frequency region for TiO2-G composite nanofibers is drastically suppressed 
as compared to bare TiO2 nanofibers due to the introduction of highly conducting 
graphene in to the matrix. This reduction of medium frequency region is associated 
with the CT resistance and it is decreased from 112 to 36 Ω. The reduction of CT 
resistance is mainly attributed to the improvement in the electronic conductivity 
profile offered by graphene nanosheets. This EIS study clearly authenticated that the 
incorporation of graphene sheets provides the improved conducting profiles for the 
TiO2-G composite nanofibers. The improvement in electronic conductivity profiles 
was well corroborated by electrochemical studies.  
4.3.3 The Effect of graphene weight percentage in TiO2–graphene composite 
nanofibers 
To study the effectiveness of weight percentage of graphene in rate capability of 
electrode, the TiO2-graphene composite nanofibers with 4 mg/mL, 2 mg/mL and 0.4 
mg/mL initial precursor concentration was synthesized and denoted as 
TiO2-graphene-1 nanofibers, TiO2-graphene-2 nanofibers and TiO2-graphene-3 




Figure 4-11 Specific capacity of TiO2-graphene composite nanofibers with different 
weight percentage of graphene at different charge/discharge rate 
TiO2-graphene-1 nanofibers demonstrated a highest specific capacity of ~145 mAh g
-1
, 
while TiO2-graphene-2 nanofibers and TiO2-graphene-3 nanofibers showed lower 
specific capacity of ~142 and ~138 mAh g
-1
 at 0.45C respectively. When the current 
rate increased to 5.4C, the specific capacity of TiO2-graphene-1 nanofibers, 
TiO2-graphene-2 nanofibers and TiO2-graphene-3 nanofibers reduced to ~70, ~67 and 
~60 mAh g
-1
 respectively, which is 48.2%, 47.1% and 43.4% capacity retention of the 
initial stage. Importantly, the reversible capacity of ~145 mA h g
−1
 was still retained 
when the current density returned to 0.45 C after 80 cycles. With the weight 




Figure 4-12 (a) Impedance measurement of coin cells using the electrode materials of 
TiO2-graphene composite nanofibers with different weight percentage of graphene; (b) 
Specific capacity of TiO2-graphene composite nanofibers with different weight 
percentage of graphene at 5.4C  
To further investigate the improved high rate performance of TiO2-graphene 
composite nanofibers with higher weight percentage of graphene, electrochemical 
impedance spectroscopy of TiO2-graphene-1 nanofibers, TiO2-graphene-2 nanofibers 
and TiO2-graphene-3 nanofibers were performed after cycles. The Nyquist plots of 
these three samples in Fig 4-12 a showed depressed semi-cycle at high frequency 
connected by a straight line in the low frequency region. The semicircle in the high 
frequency region corresponds to charge transfer resistance at electrode/electrolyte 
interface. Since the electrode fabrication and electrolyte system are in the same 
conditions, the resistance of TiO2-graphene composite nanofibers decreased with the 
higher weight percentage of graphene, which is attributed to the increased 
conductivity of the composite materials. By increasing the graphene concentration 
from 0.4 mg/mL to 4 mg/mL, the specific capacity increased (Fig 4-12 b). However, 
the synergistic effect of TiO2-graphene composite nanofibers needs to be further 
investigated on electron and lithium ion diffusion. The specifications of 
TiO2-graphene composite nanofibers with different weight percentage of graphene 
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and commercial graphite anode are summarized in table 4-2. The high rate 
performance is important for fast charge-discharge, e.g., large load utility applications. 
The facile, low-cost and scalable electrospinning approach for metal oxide and 
graphene composite mateirals fabrication can provide a new pathway to enhance the 
electrochemical performance. 
Table 4-2 The specifications of TiO2-graphene composite nanofibers with different 



























a = 3.793(9) 




3.702 213.8 150 76.2 (400) 
TiO2-graphene-2 
nanofibers 
a = 3.793(4) 




3.689 195.7 150 79.9 (400) 
TiO2-graphene-3 
nanofibers 
a = 3.791(7) 




3.647 187.8 150 76 (400) 
Commercial 
graphite 
-- -- -- 
2.2 390 90 92.3 (500) 
4.4 Conclusions 
Anatase TiO2-graphene composite nanofibers (TiO2–G nanofibers) were synthesized 
for first time using simple electrospinning technique. Phase formation of anatase TiO2 
was confirmed by X-ray diffraction measurements and well supported by Raman and 
HR-TEM investigations. Fibrous morphology was clearly evident from the SEM and 
TEM pictures. Porous nature of electrospun TiO2-graphene composite nanofibers with 
high surface area was confirmed by BET and pore size analysis. Cyclic voltammetric 
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analysis showed the Li-insertion/extraction takes place by two-phase reaction 
mechanism and reflected well in galvanostatic measurements. Durability of the TiO2–
G fibers were evaluated in half-cell configuration and compared with bare anatase 
TiO2 fibers for 300 cycles at 150 mA g
–1
 current density.  The TiO2–G fibers 
retained the 84% of reversible capacity after 300 cycles which is 25% higher than 
native TiO2 fibers. This study clearly showed TiO2–G composite fibers is one of the 
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Chapter 5 Electrospun Fe2O3-carbon Composite Nanofibers as Durable 
Anode Materials for Lithium Ion Batteries  
In the previous chapters, we have discussed the synthesis and characterizations of the 
electrospun 1D TiO2-graphene composite nanofibers as well as their applications in 
the energy storage of lithium ion batteries. The electrospun TiO2-graphene composite 
nanofibers demonstrate good rate capability in lithium ion batteries. Combination of 
metal oxides and carbon has received increasing interests for their application in 
high-rate energy storage mesoscopic electrodes. In this chapter we report quasi 1D 
Fe2O3-carbon composite nanofibers obtained by the electrospinning method, and 
evaluate them as the anode for Li ion storage. It was found that the electrospun 
Fe2O3-carbon nanostructures have promising performance in the application of 
lithium ion batteries as the stable and long life span anode materials. In the half-cell 
configuration, the anode exhibits a reversible capacity of 820 mA h g
-1
 at a current 
rate of 0.2C up to 100 cycles. At a higher current density of 5C, the cells still exhibit a 
specific capacity of 262 mAh g
-1
. Compared to pure Fe2O3 nanofibers also prepared 
by electrospinning, the capacity retention of Fe2O3-C composite nanofibers is much 
more stable. The good electrochemical performance is associated with the 
homogenous dispersed Fe2O3 nanocrystals on the carbon nanofiber support. Such 
nanocomposites prevent the aggregation of active materials, maintain the structure 
integrity and enhance the electronic conductivity during lithium insertion and 
extraction. 




LIBs, the commercialized rechargeable batteries, have been under the research focus 
in the past decade due to their extensive applications in portable electronics, EVs and 
HEVs.
1
 Commercial LIBs are made of LiCoO2 positive electrode and graphite/carbon 
negative electrode. Graphite can form LiC6 compound during lithiation and has a 
Li-storage capability of 372 A h kg
-1
, which poses a storage limitation for high-energy 
applications. Besides the capacity limitation, graphite anode also faces severe safety 
problems of lithium plating during high current operation. Thus there is an increasing 
demand for the development of new anode materials with high specific capacity and 
power density from durable, nontoxic and inexpensive materials.  
Transition metal oxides (e.g., MnO2, Fe2O3, Fe3O4, Co3O4, etc) have been studied 
as a candidate for the anode materials, in view of their large theoretical capacity.
2-6
 
The lithium storage mechanism here is the ‘conversion reaction’ in which the 
transition metal oxides react with lithium ions leading to reversible in situ formation 
and decomposition of LiyX (where X is O, S, F, or N).
2, 7 
High reversible capacities 
ranging from 400 to 1100 mA h g
-1
 between 3.0 V and 0.001 V vs. Li/Li
+
 can be 
generated from the reaction. Among the intensively studied transition metal oxides, 
Fe2O3 is an appealing anode material owing to its high theoretical capacity, high 
density (5.24 g cm
-3
 vs. 2.23 g cm
-3
 for graphite), low cost, earth abundance, 
environmentally friendly and high resistance to corrosion.
8-10
 Fe2O3 can accommodate 
up to 6 moles of Li uptake/extraction per formula unit due to its high coordination 
number, leading to its high capacity of 1007 mA h g
-1
. On the other hand, iron oxide 
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anode materials are limited by a large capacity fading during cycling because of large 
volume change
11
  and unavoidable thick solid electrolyte interphase film on the 
Fe2O3 surface,
12-15
 which results in pulverization, loss of electrical connection at high 
current rates and large irreversible capacity (consumption of large amount of Li
+
 by 
SEI film). Furthermore, there is a significant hysteresis between Fe2O3 charge and 
discharge potentials around above 1 V. To overcome these problems, several strategies 
have been employed including carbon addition and nanoarchitecture control. Bruce 
and co-workers
16 
compared the Li-cycling of nanosize, mesoporous, mm-size α-Fe2O3 
particles and concluded that nanosize particles with a sufficient amount of added 
carbon (30 wt%) are essential to ensure high performance. Nanoparticles enhance the 
Li transport as well as ease the strain of the conversion reaction, and the added carbon 





 showed that addition of carbon, CNT and various coatings could 
enhance the Li-storage performance of oxide materials; a very stable capacity of 800 
mA h g
-1
 for 100 cycles at a current density of 500 mA g
-1
 can be obtained on the 
carbon coated Fe2O3 nanohorns on carbon nanotubes. Another issue with 
carbon-Fe2O3 is that the high temperature (600 
o
C) treatments can cause reduction of 
Fe2O3 to Fe.
14, 18
 In short, while it is rather necessary for iron oxides to form 
composite with carbon, it still remains a challenge to fabricate nanostructured iron 
oxide and carbon in a form of uniform composites. 
Compared to other synthesis methods such as forced hydrolysis, sol–gel synthesis, 





 electrospinning is a versatile, low cost and high-yield 
fabrication technique to pattern 1D nanofibers 
27, 28










and lithium ion batteries.
34-37 
Here, we report the synthesis of Fe2O3-carbon hybrid 
ultralong nanofibers prepared by the well-established electrospinning technique. After 
calcination, Fe2O3 nanocrystals are formed and dispersed uniformly on the carbon 
nanofibers. The electrochemical properties of Fe2O3-carbon composite nanofibers are 
evaluated as the Li-ion battery anode, which indeed shows dramatically enhancement 
in cyclic stability compared to pure Fe2O3 particle nanofibers without carbon matrix.  
5.2 Experimental 
5.2.1 Synthesis of Fe2O3-C composite nanofibers 
Polyacrylonitrile (PAN, Mw = 150,000), iron (III) acetylacetonate (Fe(AcAc)3, > 
99.9%), N,N-dimethylformamide (DMF, 99.8%) were purchased from Sigma-Aldrich 
and used as received. 
In a typical process, 0.8 g of PAN was added into 20 mL DMF and stirred at 60 
o
C 
for 8 h. After that, 2.4 g of Fe(AcAc)3 was slowly added into the above solution and 
stirred continuously for 8 h to yield homogeneous solution.  The prepared 
homogeneous solution was then loaded into plastic syringes (10 mL) with a needle of 
22G and subsequently placed into a commercial electrospinning setup (Electrospunra, 
Microtools Pte.Ltd Singapore). A high-voltage power of 20 kV was applied to the 
needle tip. The flow rate of fluid was set to 1 mL/h. The humidity level inside the 
electrospinning chamber was 55 ± 5%. The nanofibers were collected on aluminum 
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foil wrapped around a flat plate placed 12 cm below the needle tip. The as-electrospun 
Fe(AcAc)3-PAN composite nanofibers were first stabilized at 280 °C for 3 h in air. 
The as-stabilized sample was carbonized at 500 
o
C for 3h in Ar. The heating and 
cooling rate was set to be 2.5 °C/min. 
For a performance comparison of Fe2O3-C composite nanofibers and pure Fe2O3 
nanofibers, the precursor solution consisting of Fe(AcAc)3, polyvinyl pyrrolidone 
(PVP, MW= 100 000, Aldrich), and ethanol was loaded into a plastic syringe and a 20 
kV DC voltage was applied to the single nozzle spinneret. The flow rate was set to 1 
mL/h. The collector was grounded and placed at a distance of 12 cm below the 
spinneret. The as-spun samples were calcined at 500 
o
C for 3h in air with heating and 
cooling rate of 2.5 °C/min. 
5.2.2 Characterizations 
Powder X-ray diffraction measurement was carried out using Bruker AXS D8 
Advance X-ray diffractometer equipped with Cu Kα radiation between 20° and 80°. 
The morphological features and chemical composition were examined with a field 
emission scanning electron microscope (FE-SEM, JEOL-6701F). Particle morphology 
of the synthesized composites was observed using transmission electron microscopy 
(TEM, JEOL 3010) with an energy dispersive X-ray spectrometer (EDS) attachment 
and selected area electron diffraction (SAED). Specimens were prepared by 
ultrasonically dispersing Fe2O3-C composite nanofibers in ethanol followed by 
dropping the suspension on a carbon-coated copper grid. Raman spectrum was 
recorded by a Dilor model OMARS 89-Z24 microprobe spectrometer, under 
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excitation of an Ar
+
 ion laser of 514.5 nm. The surface area was determined by 
nitrogen adsorption/desorption using the Brunauer−Emmett−Teller method (BET, 
Micromeretics Tristar 2000). The sample was degassed under inert nitrogen (N2) at 
300 °C for 10 h prior to BET measurements (under standard protocols at 77 K). The 
details of degas process and measurements are given in our previous study.
29, 36 
5.2.3 Fabrication of Fe2O3-C Composite Nanofibers Based Lithium Ion Batteries 
and Electrochemical Measurements 
All the electrochemical studies were conducted in two-electrode coin-cell (CR 2016) 
configuration. The composite anode was prepared by mixing of active material 
(Fe2O3-C composite nanofibers), conductive additive (super P) and binder 
(Polyvinylidene fluoride, PVDF) in the mass ratio 70:15:15. This mixture was coated 
on an etched Cu foil (thickness 10 μm), which serves as current collector, and 
subsequently dried at 85 °C overnight before conducting cell assembly in an Ar-filled 
glovebox (MMM Ensaca). The circular electrode area and weight were 2 cm
2
 and 
~2.5 mg. The coin cells were assembled by lithium metal foil (Kyokuto Metal Co., 
Japan) as counter electrode, glass microporous fiber filter (Whatman, Cat. No. 
1825-047) as separator and 1 M LiPF6 in ethylene carbonate (EC)/diethyl carbonate 
(DEC) (1:1 by volume, DAN VEC) as the electrolyte. Cyclic voltammetric (CV) 
traces were performed using Arbin automatic battery cycler at scan rate of 0.05 mV s
-1
 
between 0.005 and 3.0 V. The galvanostatic discharge-charge cycling of the cells were 
carried out at different current densities between potentials of 0.005 and 3.0V by 
Arbin automatic battery cycler. Electrochemical impedance spectroscopy (EIS) 
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(Solartran 1260+1287) technique was used to measure impedance in the frequency 
range from 0.003 Hz – 180 k Hz with AC amplitude of 10 mV. 
5.3 Results and discussions 
5.3.1 Crystal structure and morphology characterizations 
 
Figure 5-1. (a) FESEM image of the as-spun nanofiber mat; (b) The nanofiber mat 
after stabilization by annealing at 280
o
C in Air; (c) The Fe2O3-C composite nanofiber 
mat after carbonization at 500 
o
C in argon; (d)-(f) Close-up views of Fe2O3-C 
composite nanofibers after calcination at 500 
o
C in argon. 
The surface morphology of Fe2O3-C composite nanofibers was characterized by 
FESEM. The as-spun Fe(AcAc)3-PAN composite nanofibers are randomly oriented, 
continuous with smooth surface as shown in Fig 5-1 (a). The Fe(AcAc)3 counterpart 
in the composite nanofibers is amorphous in crystallinity. The diameter of the as-spun 
Fe(AcAc)3-PAN composite nanofibers is in the range of 4501200 nm. The inset is 
the optical image of as-spun Fe(AcAc)3-PAN composite nanofibers deposited on 
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aluminum foil. It can be peeled off from the aluminum foil as a free-standing 
nanofiber mat. Fig. 5-1 (b) shows the stabilized composite nanofibers mat after 
heating at 280 
o
C in air. During the stabilization process, the PAN counterpart was 
converted to  a aromatic cyclized ladder type structure by cyclization, 
dehydrogenation, aromatization and crosslinking, which convert the CH2 and C≡N 
groups to infusible C=N and C−H groups.38 The as-stabilized composite nanofibers 
mat was further transformed to Fe2O3-C composite nanofibers after a further 
calcination process. During carbonization process, N was removed by the formation 
of N2; whereas the chains were joined into graphite plane. The morphology of 
Fe2O3-C composite nanofibers mat was shown in Fig 5-1 (c), with cyrstallized Fe2O3 
entrapped into the carbon fiber, which was carbonized from PAN precursor. The SEM 
image of the Fe2O3-C composite nanofibers is shown in Fig. 5-1 (d)-(f). The average 
diameter of Fe2O3-C composite nanofibers became smaller, in the range of 220600 
nm, which is ascribed to the weight loss from the removal of various components 
during carbonization. Also, the surface of Fe2O3-C composite nanofibers became 





Figure 5-2. TEM characterization of the Fe2O3-C composite nanofibers. (a) Typical 
structure of the composite nanofiber; (b) The tip of the composite nanofiber; (c) The 
corresponding SAED pattern; (d) HRTEM image of the hematite Fe2O3 crystals; (e) 
TEM image of a single Fe2O3-C composite nanofiber with elements mapping; (f)-(h) 
Element mappings of carbon (red), oxygen (blue), and iron (green), respectively. 
The microstructure of Fe2O3-C composite nanofibers was further examined by 
transmission electron microscopy (TEM). Figure 5-2 (a) shows the typical 
microstructure of a single Fe2O3-C composite nanofiber. The Fe2O3 nanoparticles are 
uniformly distributed along the nanofibers. A close-up image of the tip in a single 
nanofiber in Fig 5-2 (b) shows that most of the Fe2O3 crystals were embedded inside 
the nanofibers, whereas some of the Fe2O3 crystals were still on the surface of 
composite nanofibers. The Fe2O3 crystals have a size range of 18 ± 8 nm, measured 
from the imaging software attached to TEM. The corresponding crystalline diffraction 
rings of (104), (110), (113), (024) and (116) in the selected area electron diffraction 
(SAED) patterns (Figure 5-2 (c)) confirm the formation of polycrystalline α-Fe2O3 in 
Fe2O3-C composite nanofiber. As shown in Figure 5-2 (d), the high-resolution TEM 
image reveals the lattice fringes from the α-Fe2O3 nanoparticles with an interplanar 
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spacing of 0.37 nm, corresponding to the (012) plane of hematite phase. The energy 
dispersive X-ray spectrometry (EDS) mapping analysis of Fe2O3-C composite 
nanofibers is illustrated in Fig 5-2 (e)-(h). The EDS analysis revealed the molar ratio 
of Fe and O to be about 2:3 for the composite nanofibers, which is in good agreement 
with the stoichiometric ratio of Fe2O3. The corresponding EDS mapping images for 
the elements of C, O and Fe illustrate clearly a homogeneous distribution of Fe2O3 
crystals and carbon through the composite nanofibers.  
 
Figure 5-3. (a) X-ray diffraction patterns and (b) Raman spectrum of the Fe2O3-C 
composite nanofibers. 
XRD measurements were performed to identify the structure of Fe2O3-C composite 
nanofibers. The XRD pattern of Fe2O3-C composite nanofibers is shown in Fig 5-3 (a). 
The diffraction peaks match well with the rhombohedral phase of hematite Fe2O3 
(JCPDS 33-0664). In addition, the diffraction peaks observed at 2θ = 31.7o, 45.6o and 
55.6
o 
indicates the presence of maghemite Fe2O3 with spinel structure. The amount of 
γ-Fe2O3 was calculated to be 11 %. The intensity of the XRD peaks are strong, 
indicating a highly crystallinity. The lattice parameters of α-Fe2O3 were evaluated 
from Rietveld refinement using TOPAS 3 software to be a = 5.034 Å and c = 13.74 Å. 
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The average crystallite size was calculated using Scherrer formulas to be 22.9 nm, 
quite close to the TEM analysis result. The Raman spectrum of the Fe2O3-C 
composite nanofibers between 800 and 2000 cm
−1
 is shown in Fig 5-3 (b). The 
broadened characteristic frequencies at ∼1350 and ∼1580 cm−1 correspond to the D 
band and G bands of carbon matrix, respectively. The D-band (disorder-induced 
phonon mode) can be attributed to defects and disordered portions of carbon 
(sp
3
-coordinated), whereas the G-band (graphite band) is indicative of ordered 




 The intensity ratio of D and G 
bands (ID/IG) provides useful information about the amount of carbon defects: a 
higher intensity ratio means a higher concentration of defects in the graphite 
comprising sp
2
 hybridization. The intensity ratio ID/IG of our Fe2O3-C composite 
nanofibers is found to be 1.09, indicating a relative high amount of disordered 
sections and defects.  
 
Figure 5-4. N2 adsorption and desorption isotherm of Fe2O3-C composite nanofibers 





adsorption and desorption isotherm of Fe2O3-C composite nanofibers are shown in 
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supporting information Fig 5-4. 
 
Figure 5-5. TEM characterization of the Fe2O3 nanofibers. (a) Typical structure of 
Fe2O3 nanofiber; (b) The tip of Fe2O3 nanofiber; 
Fig 5-5 shows the TEM imgaes of Fe2O3 nanofibers after post-annealing at 500 
o
C 
for 3h in air. As observed, the nanosize agglomerated Fe2O3 nanocrystals were 
distribute through the nanofibers. During electrospinning process, the effect of 
electrostatic and coulombic repulsive force and electro-hydrodynamic will cause the 
stretch, elongate and random distribution of Fe(AcAc)3 particles in polymer matrix. 
After post-annealing of as-electrospun samples, the polymer matrix was removed and 
Fe2O3 nanofibers were formed. 
5.3.2 Electrochemical Performance of Fe2O3-C composite nanofibers 
Cyclic voltammetry (CV) was first carried out to investigate the electrochemical 
reaction process of the electrode made from Fe2O3-C composite nanofibers. Fig 5-6 (a) 
shows the first five cycles of CV trace of the Fe2O3-C composite nanofibers electrode 




Figure 5-6.  Cyclic voltammogram of (a) Fe2O3-C composite nanofiber and (b) pure 
Fe2O3 nanofiber half-cells cycled between 0.005 and 3 V at a scan rate of 0.05 mV s
−1
, 
in which metallic lithium serves as both counter and reference electrode. 
well-defined current peak was observed at 0.67 V vs. Li
+
/Li, which is ascribed to the 
complete reduction of Fe (III) to Fe (0), the formation of Li2O and the irreversible 
reductive reaction of electrolyte to form SEI film.
20, 40, 41
 In the first anodic scan, two 
board overlapping current peaks at 1.62 V and 1.85 V corresponds to reversible 
oxidation of Fe (0) to Fe (II) and Fe (II) to Fe (III). For the second cycles, one 
cathodic peak appears at 0.98 V with decreased intensity, while two anodic peaks 
remain unchanged, indicating the irreversible phase transformation with the formation 
of SEI film in the first cycle and good reversible reaction of Fe (0) to Fe (II) and Fe 
(II) to Fe (III) respectively.
42
 It is noteworthy that the current of the anodic and 
cathodic peaks remains almost the same for subsequent cycles, suggesting good 
reversibility and structure stability during lithium ion intercalation and extraction 
processes. The pure Fe2O3 nanofibers electrode also exhibited a similar kind of redox 
reaction, except for the variation in the intensity of the peaks and a shift in the 
reduction peak from 0.83 V to 0.69 V from 2
nd
 cycle to 5
th
 cycle as shown in Fig 5-6 
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(b).  Compared to the CV trace of Fe2O3-C composite nanofibers, the large deviation 
in the current peaks of Fe2O3 nanofibers electrode suggest a larger capacity fading 
during cycling.  
 
Figure 5-7. (a) Galvanostatic charge-discharge curves of Fe2O3-C composite 
nanofibers electrode cycled between 0.005 and 3 V (vs. Li/Li
+
) at 0.2 C rate (1 C 
=1007 mA g
-1
); (b) Cyclic performance of Fe2O3-C composite nanofiber and pure 
Fe2O3 nanofiber electrodes at 0.2 C rate; (c) Rate capability of Fe2O3-C composite 
nanofiber electrodes at different rates; (d) Nyquist plots of Fe2O3-C composite 
nanofiber and pure Fe2O3 nanofiber electrodes; (e) The equivalent circuit to fit the EIS 
spectra. 
Galvanostatic cycling profiles of Li/Fe2O3-C composite nanofiber half-cells are 
performed to provide the electrochemical performance of reversibility and cyclibility. 
The typical signature of the charge−discharge curves for first two cycles of Li/ 
(e)
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Fe2O3-C cells are given in Figure 5-7 (a). The first discharge curve can be divided into 
three regions indicated as I, II, III. First, the cell has been discharged from open 
circuit voltage (OCV) 2.8 V to intercalate lithium ions into the Fe2O3 matrix (eqn 
(1)).
22
 In region I, a plateau can be observed at 1.1 V with wide slop, which is 
attributed to the phase transformation from hexagonal LixFe2O3 to cubic Li2Fe2O3 
(eqn (2)).
3, 22
  In region II, a distinct plateau can be observed at 0.85 V due to the 
completely reduction of Fe (III) to Fe (0) (eqn (3)).
3, 22 
The Fe nanocrystals were 
dispersed into Li2O matrix.  In the region III, the electrolyte was reduced below 0.8 
V and the SEI film was formed, which lead to further lithium storage via interfacial 
reduction at metal-Li2O boundary. Thus, the initial specific capacity of 1214 mAh g
-1
 
exceeds the theoretical capacity of 1007 mAh g
-1
 (6 mol of Li per 1 mol of α-Fe2O3), 





 → LixFe2O3                            (1) 
LixFe2O3 + (2-x) Li
+
 + (2-x) e
-
 → Li2Fe2O3 (cubic)             (2) 
Li2Fe2O3 (cubic) + 4 Li
+
 + 4 e
-
 → 2Fe + 3Li2O                (3) 
When the cell was charged to 3 V, a smooth voltage profile was observed at 1.5 V, 
followed by a sloping plateau at 2.5 V and a steep slope up to 3 V. The first charge 
capacity was 875 mA h g
-1
, corresponding to irreversible capacity loss of 28%. During 
the second cycle, a sloping plateau in the range of 0.8-1.05 V appeared, and the 
specific capacity decreased to 856 mA h g
-1
, indicating the irreversible nature of 
amorphous Li2O matrix. The galvanostatic cycling profiles of subsequent cycles are 
nearly the same, indicating good stability during charge and discharge cycling. 
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The cycling performance of Li/Fe2O3-C composite nanofibers and Li/pure Fe2O3 
nanofibers cell cycled between 0.005 and 3 V at 0.2C was presented in Fig 5-7 (b). 
The pure Fe2O3 nanofibers were synthesized according to the synthesis procedure 
described in experimental part. The Fe2O3-C composite nanofibers cell showed an 
almost stable capacities throughout the cycling profile, which is ascribed to the unique 
compositional and structure properties of Fe2O3 nanocrystallines and carbon matrix 
nanocomposite. Furthermore, it is obvious to note that, after a few initial cycles, the 
Columbic efficiency was found to be over 96%. The cell displayed the discharge 
capacity of 820 mA h g
−1
 even after 100 cycles, which corresponds to 96% capacity 
retention.  For comparison, the capacity of pure Fe2O3 nanofibers cells faded rapidly 
to 482 mA h g
−1
 after 100 cycles, which corresponds to 50 % capacity retention. The 
improved cycle stability and reversible specific capacity of Fe2O3-C composite 
nanofibers are attributed to uniform composite fiber structure in which Fe2O3 
nanocrystals are well dispersed on the carbon matrix. This structure has the following 
advantages: The carbon matrix prevents the pulverization and aggregation of the 
Fe2O3 nanoparticles, accommodates the large volume change of Fe2O3 particles 
during cycling. The carbon improves the electronic conductivity and electrical contact 
with the active materials (see below). The one dimensional characteristics of the 
nanocomposite also provide a good mechanical integrity of the electrode. 
In order to establish the influence of carbon component on the capacity retention 
properties, rate capability measurement was carried out on the Fe2O3-C composite 
nanofiber cells at various current densities (Figure 5-7 (c)). The discharge capacities is 
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973 mA h g
−1
 when cycled at a small current density of 0.1 C for 15 cycles. When 
increasing the current density to 0.2C, 0.5C, 1C, 2C and 5C, the corresponding 
specific capacity values are 871, 770, 631, 455, and 262 mA h g
−1
, respectively. 
Importantly, the reversible capacity of 982 mA h g
−1
 was still retained when the 
current density returned to 0.1 C after 75 cycles. This high rate capability is related to 
the thickness of SEI film, the interfacial charge transfer and lithium ion diffusion in 
the nanocomposite materials. The presence of carbon component is beneficial for the 
high rate performance of the cell for prolonged cycling.  
Table 5-1. Impedance parameters of Fe2O3-C composite nanofibers and bare Fe2O3 
nanofibers electrodes 
Sample Re Rsf Rct 
Fe2O3-C composite nanofibers 2.1 Ω 67 Ω 159 Ω 
bare Fe2O3 nanofibers 4.7 Ω 112 Ω 192 Ω 
In order to validate the difference in electrochemical performance between Fe2O3-C 
composite nanofibers and pure Fe2O3 nanofibers, an electrochemical impedance 
spectroscopy (EIS) was conducted, and corresponding Nyquist plots are present in 
Figure 5-7 (d). The EIS spectra of pure Fe2O3 and Fe2O3-C nanofibers have a similar 
shape, which consisted of a semicircle in the high frequency range and an inclined 
line in the low frequency range. The EIS data were fit by an equivalent circuit as 
shown in Fig 5-7 (e). Re is the ohmic resistance, which represents the total resistance 
of the electrolyte, separator and electrical contact. The semicircle in high-frequency 
region is attributed to the lithium ion migration resistance through a SEI film (Rsf) and 
the charge-transfer resistance (Rct). CPEsf and CPEdl is the constant phase element, 
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which represents the charges accumulated on both side of the electrode/electrolyte 
interface when lithium ion across. The inclined line corresponds to the lithium 
diffusion kinetics in the solid-state called as Warburg impedance (Wz).
43
 The fitting 
results are summarized in Table 5-1. It was found that Rsf and Rct of Fe2O3-C 
composite nanofibers was 67 and 159 Ω compared to pure Fe2O3 nanofibers (112 and 
192 Ω). The SEI resistance and charge-transfer resistance are reduced by the 
introduction of carbon into the 1D composite nanofibers. As expected, the carbon 
component uniformly distributed in 1D nanofibers improves the stability of SEI film, 
the rate of charge-transfer and the Li
+
 kinetics, which results in a higher rate 
capability and improved cycling performance. 
5.3.3 The Effect of Fe2O3 and Carbon ratio in composite nanofibers 
 
Figure 5-8. TEM images of the Fe2O3-C-1 nanofibers (a); Fe2O3-C-2 nanofibers (b) 
and carbon nanofibers (c). 
To study the effect of Fe2O3 and carbon ratio in the composite materials, Fe2O3-C-1 
nanofibers and Fe2O3-C-2 nanofibers were prepared with different Fe(AcAc)3 
concentrations. The ratio of Fe(AcAc)3 and PAN were 1:1 and 1:2 in Fe2O3-C-1 
nanofibers and Fe2O3-C-2 nanofibers samples respectively. The TEM images of 
Fe2O3-C-1 nanofibers. Fe2O3-C-2 nanofibers and carbon nanofibers were illustrated in 
Fig 5-8 (a)-(c). With the increase in Fe(AcAc)3 ratio, the surface of the nanofibers 
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becomes rougher and content of Fe2O3 nanocrystals becomes more.  
 
Figure 5-9. (a) Cyclic performance of Fe2O3-C composite nanofibers and Carbon 
nanofibers electrodes at 0.2 C rate (1 C =1007 mA g
-1
); (b) Galvanostatic 
charge-discharge curves of Fe2O3-C composite nanofibers and carbon nanofibers 
electrode cycled between 0.005 and 3 V (vs. Li/Li
+
) at 0.2 C rate.  
The cyclic performance profiles from 1
st
 cycle to 100
th
 cycle for Fe2O3-C-1 
nanofibers , Fe2O3-C-2 nanofibers and carbon nanofibers at 0.2C are present in Fig 
5-9 (a). The initial specific capacity was found to be 1001, 844 and 643 mAh g
-1
 
respectively, which is attributed to the surface reaction with electrolyte and the 
formation of SEI. The initial columbic efficiency was found to be 62-68% for the 
three samples. The reversible capacity for Fe2O3-C-1 nanofibers decreases from 654 
to 599 mAh g
-1
 during the initial 65 cycles. After that, the specific capacity keeps 
increasing to 624 mAh g
-1
 at the end of 100 cycles. The performance of Fe2O3-C-2 
nanofibers and carbon nanofibers are similar to Fe2O3-C-1 nanofibers. The Fe2O3-C-2 
nanofibers decrease from 557 to 482 mAh g
-1
 during the initial 75 cycles; whereas 
carbon nanofibers decrease from 455 to 418 mAh g
-1
 during the initial 80 cycles. The 
specific capacity of these two samples are increase continuously to 505 and 432 mAh 
g
-1
 respectively, which is ascribed to the additional lithium ion accommodation in 
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carbon and the electrolyte penetrating in composite electrode.  The comparisons of 
these three samples are summarized in Table 5-2. (Fe2O3-C-1 nanofibers based 
batteries have higher initial capacity and reversible capacity than that of Fe2O3-C-2 
nanofibers and carbon nanofibers based batteries). The capacity retention for 
Fe2O3-C-1 nanofibers , Fe2O3-C-2 nanofibers and carbon nanofibers from 2
nd
 cycle to 
100
th
 cycle are 92.9%, 90.7% and 94.9% respectively. With the increase in Fe2O3 
content, the reversible capacity becomes larger.  The Galvanostatic cycling profile of 
Fe2O3-C composite nanofibers and carbon nanofibers electrode cycled between 0.005 
and 3 V (vs. Li/Li
+
) in the 2
nd
 cycle at 0.2 C rate were present in Fig 5-9 (b). During 
the discharging process, the voltage of the cell steeply drops to a plateau of 0.8V for 
the Fe2O3-C-1 nanofibers and Fe2O3-C-2 nanofibers, which is ascribed to the 
reduction of Fe (III) to Fe (0) in eqn (3). With the Fe2O3 content decrease to 0, there is 
no plateau can be observed in the discharging voltage of carbon nanofibers based cell. 
The galvanostatic cycling profile of carbon nanofibers based cell are similar to that of 
graphite,
44
 which is attributed to the lithium ion intercalation reaction shown in eqn 
(4). The higher electronic conductivity of carbon in Fe2O3-Carbon composite would 
















Table 5-2. The comparisons of electrochemical performance of Fe2O3-carbon 



























Fe2O3-C-1 nanofibers 1001 608 600 624 92.9 
Fe2O3-C-2 nanofibers 844 520 486 505 90.7 
Carbon nanofibers 643 412 416 432 94.9 
   
5.4 Conclusions   
In summary, novel Fe2O3-carbon nanocomposite 1D fiber mats have been prepared by 
a facile and scalable electrospinning route for the application as the LIB anode 
material. The Fe2O3 nanocrystals are uniformly distributed on the carbon fiber matrix. 
Such Fe2O3-C composite nanofiber electrodes demonstrate an improved cycling 
stability, good reversibility and rate capability compared to pure electrospun Fe2O3 
naonfibers. The enhanced electrochemical performance is ascribed to the unique 
structure of fiber mat with a stable structural integrity and improved electrical 
conductivity rendered by the carbon fiber network. Given the simple fabrication and 
outstanding performance, the Fe2O3-carbon nanocomposite fiber mats could be a 
prospective high-performance anode material for LIBs. In addition, there is no 
limitation for the electrospinning route to other composite fibers with various metal 
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Chapter 6 Conclusions  
6.1 Summary 
 
Fig 6-1 Crystallographic representation of (a) rutile, (b) anatase, (c) brookite, and (d) 
bronze (B) TiO2. Blue and red spheres are Ti and O atoms respectively. The 
arrangement of TiO6 octahedra and outline of the unit cell are shown for each 
polymorph. 
The results of the present studies deal with the investigations on Li storage and 
cyclability of one dimensional metal oxide nanofibers with hollow, carbon and 
grapheme composite counterpart. The thesis highlights the importance of the 1 D 
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hollow nanostructures, particles size, specific surface area, the starting crystal 
structure, and the effect of graphene and carbon which is inducing into metal oxide 
nanofibers.  
Titanium dioxide (TiO2) is an attractive candidate for use as an anode for LIBs due 
to its low cost, ready availability, and eco-friendliness. TiO2 exists in several 
polymorphic modifications: anatase, rutile, brookite, TiO2-B (bronze), TiO2-R 
(ramsdellite), TiO2-H (hollandite), TiO2-II (columbite), and TiO2-III (baddeyite). All 
of them contain TiO6 octahedra (Figure 6-1). 
The Li cycling properties of different titanium oxides are diffrent. Generally, the Li 
storage and cycling performance of TiO2 polymorphs depends on the method of 
preparation, particle size, and shape and morphology. In general, smaller particle size 
(≤200 nm) with high surface area and porous morphology with interconnected 
particles can deliver stable and near theoretical capacity, according to eq 1. 
 
There has been particular interest in anatase phase TiO2 as an anode material for 
lithium ion batteries due to its abundance, low cost, and structural stability during 
lithium insertion/extraction. Furthermore, its high working voltage (more than 1.5 V 
vs. Li) enables extremely high rate operation by prohibiting lithium plating on the 
electrode. Therefore, despite having a lower capacity than graphite, TiO2 has received 
much attention as an alternative anode material for use in high power lithium 




Fig 6-2 Schematic illustrations of the TiO2 nanofibers and TiO2 hollow nanofibers 
Lithium ion diffusivity, especially solid state diffusion of lithium ion, and 
electronic conductivity are considered to be the dominant rate capability determining 
factors. Herein, TiO2 hollow nanofibers were synthesized using a simple co-axial 
electrospinning method and subsequent post-annealing treatment. The TiO2 hollow 
nanofibers showed good capability compared to that of bare TiO2 nanofibers up to 
current density of 1.8 mA g
-1
. The half-cell displayed a good cyclability and 
retained 84% of its initial reversible capacity after 300 galvanostatic cycles. The 
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full-cell is fabricated with a commercially available olivine phase LiFePO4 cathode 
under optimized mass loading. The LiFePO4/TiO2 hollow nanoﬁber cell 
delivered a reversible capacity of 103 mAh g
–1
 at a current density of 100 mA g
–1
 
with an operating potential of ~1.4 V. Excellent cyclability is noted for the 
full-cell conﬁguration, irrespective of the applied current densities, and it retained 88% 
of reversible capacity after 300 cycles in ambient conditions at a current density of 
100 mA g
–1
. This improvement is mainly attributed to shorter lithium ion diffusion 
length along the surface of hollow nanofibers. For a typical Li
+ 
diffusion of in 
solid-state materials, the characteristic diffusion time constant τ is obtained by the Li+ 





          τ=L2/D                (2) 
The characteristic time for Li intercalation is proportional to the square of the 
diffusion length, indicating the notable effect of nanoengineering electrode materials: 
shorten Li
+
 diffusion length can achieve fast Li
+ 
storage and high rate capability. The 
Li
+ 
diffusion length of 1D TiO2 nanofibers are the diameter which is ~ 100 nm; 
whereas the Li
+ 
diffusion length of 1D TiO2 hollow nanofibers are the thickness of 
the wall (~50 nm). Therefore, the Li
+ 
diffusion length of TiO2 hollow nanofibers are 
mush shorten than that of TiO2 nanofibers. The unique hollow geometry, consisting 
of inner and outer surfaces, allows for a large lithium-ion ﬂux due to signiﬁcant 
increase in the interfacial area between the electrolyte and the active material, and 
shorter diffusion distance of the lithium ions than that of simple nanoﬁber structure, 
which lead to an improvement in the kinetics of lithium ions (Fig 6-2). Hence, the 
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TiO2 hollow nanoﬁber could achieve a signiﬁcant improvement in rate capability by 
the synergistic effects resulting from nanosized 1D hollow geometry. The 
comparisons of electrochemical performance of TiO2/LiFePO4 full cell configurations 
are summarized in table 6-1. 
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Fig 6-3 Schematic illustrations of the TiO2-graphene composite nanofibers 
However, the poor rate capability of TiO2 electrodes, which results from their 
intrinsic physicochemical properties, limits their practical use. Considerable efforts 
have been made to explore a variety of TiO2 based nanostructures and composites to 
resolve the problem of poor rate capability. One of the efﬁcient ways is to use the 
addition of conducting agents such as various carbon phase materials (graphene,CNTs) 
into the TiO2 electrode, either by physical or chemical means. These conducting 
agents could enhance the electron transport properties of the electrod. Notably, 1D 
TiO2–graphene composites nanofibers showed some promise owing to their efﬁcient 
electron transport abilities. Graphene based materials have also been emerged as 
prospective electrodes in LIB applications because of its unique properties like high 











excellent electrical conductivity Li/TiO2-G half cells showed initial discharge 
capacity of 260 mAh g
–1
 at current density of 33 mA g
–1
. Further, Li/TiO2-G cell 





which is 25% higher than bare TiO2 nanofibers under the same test conditions. The 
cell also exhibits promising high rate behavior with discharge capacity of 71 mAh g
–1
 
at current density of 1.8 A g
–1
. By increasing the graphene concentration from 0.4 
mg/mL to 4 mg/mL, the rate capability was increased. The high rate performance is 
attributed to the improvement of electrical conductivity by graphene compound.  
 
Fig 6-4 Cross-section view of the Fe2O3 nanofibers and Fe2O3-carbon composite 
nanofibers 
The α- Fe2O3 crystallizes in the hexagonal corundum structure and naturally occurs 
as the mineral hematite. Due to high theoretical capacity (1005 mA·h g−1) and being 
a cheap material, its anodic properties have been studied. Li cycling of Fe2O3 showed 
that 0.5 mol of Li per formula unit can be reversibly intercalated into nano-α- Fe2O3 
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in the potential range 1.5−4.0 V. Under deep discharge conditions (0.005−3.0 V vs 
Li), 8.5 mol of Li per mole of Fe2O3 react resulting in crystal structure destruction and 
formation of nanometal particles (Fe
0
) and Li2O by conversion reaction and a 
polymeric layer on Fe
0
 as a result of the decomposition of the solvents in the 
electrolyte. It found that the electrospun Fe2O3-carbon nanostructures have promising 
performance in the application of lithium ion batteries as the stable and long life span 
anode materials. In the half-cell configuration, the anode exhibits a reversible capacity 
of 820 mA h g
-1
 at a current rate of 0.2C up to 100 cycles. At a higher current density 
of 5C, the cells still exhibit a specific capacity of 262 mAh g
-1
. Compared to pure 
Fe2O3 nanofibers also prepared by electrospinning, the capacity retention of Fe2O3-C 
composite nanofibers is much more stable. The good electrochemical performance is 
associated with the homogenous dispersed Fe2O3 nanocrystals on the carbon 
nanofiber support. Such nanocomposites prevent the aggregation of active materials, 
maintain the structure integrity and enhance the electronic conductivity during lithium 
insertion and extraction (Fig 6-4).The comparisons of electrochemical performance of 








Table 6-2. The comparisons of electrochemical performance of Fe2O3 with carbon, 






















Carbon/Fe2O3 nanorod array 1115 0.5C 595 (50) 73 [1] 
Fe2O3/Carbon composite 1227 0.2C 688 (50) 84 [2] 
Fe2O3 hollow spheres 1820 0.2C 710 (100) 80 [3] 
Fe2O3 nanoflakes 1235 0.065C 680 (80)  83 [4] 
Fe2O3 microflowers 1820 0.1C 929 (10) 74 [5] 
Mesoporous Fe2O3 nanostructures 1730 0.2C 1293 (50) 95 [6] 
Hierarchical hollow Fe2O3 spheres 1255 0.5C 815 (200) 88 [7] 
Fe2O3 nanoparticles in CNTs 1950 0.035C 811 (100) 83 [8] 
Fe2O3 Nanospheres 1398 0.1C 414 (60) 52 [9] 
Fe2O3 nanoparticles filled in CNTs 2081 0.035C 768 (40) 82 [10] 
Carbon coated γ-Fe2O3 microparticles 1580 0.1C 635 (40) 72 [11] 
Reduced graphene oxide/ Fe2O3 1693 0.1C 821 (50) 80 [12] 
Fe2O3 nanorod on carbon fibers 1278 0.2C 758 (50) 81 [13] 
Fe2O3/graphene composite 1500 0.2C 800 (100) 68 [14] 
Fe2O3 rice on graphene nanosheet 825 1C 582 (100) 73 [15] 
Hollow structure Fe2O3/carbon  1400 2C 722 (220) 82.9 [16] 
Carbon-encapsulated Fe3O4 NPs 1021 1C 998 (100) 97.7 [17] 
Fe2O3-SWCNTs 831 0.5C 801 (90) 96 [18] 
Fe2O3-carbon composite nanofibers 1214 0.2C 820 (100) 96 This Study 
Fe3O4-Carbon-rGO three dimensional 
composite 
1426 0.2C 843 (100) 88.5 [19] 
TiO2@ Fe2O3  840 0.2C 530 (200) 85 [20] 
TiO2@ Fe2O3 core-shell arrays 500 0.12C 497 (150) 99.4 [21] 
The radar chart contrasting different lithium ion batteries electrode materials 





Fig 6-5 The radar chart contrasting different lithium ion batteries electrode materials 
systems 
 
6.2 Remaining Challenges 
As discussed in the introduction part, there are already several nanostructured anode 
materials with desirable electrochemical properties developed to overcome some 
critical problems.  Even there are many kinds of batteries present in the current 
market, Li ion batteries are still the best performing device due to their remarkable 
energy density of up to 180 Wh kg
-1
 / 650 Wh l
-1
, long life cycle and rate capability. 
Li ion technologies has penetrated into many areas in our daily life such as the power 
equipment market, the portable electronic market, and EV market with decreased cost 
and increased safety. Meanwhile, there are still challenges faced by researchers to 
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develop next generation of high performance lithium ion batteries. The major 
remaining challenges to increase the Li ion battery energy density, increase capacity 
while achieve sustainability and green storage, lower the cost, improve the safety and 
low high temperature operation are briefly described below. 
(1)  Enhancement in Li ion battery energy density 
It is well accepted that the capacity and operation potential of electrode materials 
are the key factors affecting the energy density of the LIBs. In the commercial market, 
not full potential of the theoretical capacity of 274 mA·h g
−1
 for LiCoO2 can be 
achieved and only half of the capacity is utilized, i.e. about 140 mA·h g
−1
. Compared 
with the theoretical capacity of the anode graphite materials: i.e. 372 mA·h g
−1
, the 
practical capacity of graphite is only 300−320 mA·h g−1. Thus, there is an urge 
demand to develop electrode materials which achieve higher specific capacities and 
operate at low voltages (≤0.5 V vs Li) for anodes and at high voltages (≥4.0 V vs Li) 
for cathodes to obtain high cell potential.
1
 In the past century, the energy density of 
batteries has increased by 5 times higher than conventional devices. However, if the 
automobile of the EVs approaches to 500 km per charging, the present Li-ion energy 
density should be double by automotive industry in the next decade.  
 (2)  Cost reduction 
The cost of LIBs ranges from 300 to 800 $ kWh
-1
; whereas the cost of Lead-acid 
battery is about 50-100 $ kWh
-1
. The elements Co and Ni in LIBs electrode are very 
expensive. Therefore, the materials based on sustainable 3d metal redox elements 
167 
 
such as Ti (TiO2, Li4Ti5O12), Fe (Li2FeSiO4, LiFePO4) and Mn (LiMn2O4) are 
receiving increased interest to reduce the materials cost. 
(3)  Improve the safety 
The safety issue was addressed from the beginning of the LIB since Li was very 
active. It is very important to operate a high power of LIBs at high current rate under 
safety conditions. Another point to note is the thermally unstable charged cathode and 
anode materials as they can serve as powerful oxidizing and reducing agents. At high 
current rate, Li metal could possibly deposit on graphite anode and penetrate through 
the microporous separator, which would lead to short-circuit of the LIBs.  So there is 
an increasing need to develop stable and safe cathode and anode electrode materials. 
To overcome this drawbacks, there are already various attractive solutions developed 
such as  the application of chemical additives to the battery electrolyte such as solid–
electrolyte interface modifiers, shut-down and redox shuttles additives, ionic liquids), 
improvement on the cell design and electronics.
2
 
(4)  Improve the low- and high- temperature operation 
The reaction kinetics of Li ions and the ionic electrolyte conductivity tend to 
decrease at lower temperature from the Gibbs energy calculation. Thus when the LIBs 
are operated at 0 
o
C, it shows 50% capacity fading. Alternatively, when the LIBs are 
performed at T > 60 
o
C, the undesired reactions of electrolyte degradation and cathode 
decomposition are dramatically increased. Therefore, for the use in EVs and HEVs 
there is strong demand to extend the low- and high- temperature operation, especially 
at T > 60 
o





(5)  Achieve sustainability and green storage 
Because of the zero carbon footprints, the concept of sustainable electrode 
materials is becoming more and more important. It will be a big issue regarding the 
recycling of the LIBs electrode materials due to the mass production dictated by the 
EV market and environmental unfriendly electrolyte usage.  In the near future, the 
LIBs using biodegradable electro-active organic electrode through low cost process 
will be ideal view to minimize CO2 footprint.  
6.3 Opportunities and new directions 
1. Develop New Nanostructures 
Higher energy and power density can be possibly obtained through careful design 
and controlled architectures. Fundamental studies to extend the principle and basic 
properties of novel architectures of anode materials are currently pursued:  
(1) One strategy is to create 1D nanostructures, 2D layer nanostructures, 3D porous 
nano-architecturs in which pillared anodes and cathodes can be intercalated and 
deintercalated. (2) Another strategy is combining microscale and nanoscale materials 
together. This careful design could help to maximize the advantages and minimize the 
disadvantages of both size materials at the two different scales. (3) The molecular 
bridging is a promising method. The molecular layers which have a redox protential 
closely match the insertion of active particles. (4) Uniform coating ion conducting 
polymer with active porous matrix. 
2. Surface modifications on nanostrutured materials 
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It was seen that the theoretical capacities is usually higher than the obtainable 
capacities and not full potential can be utilized. This could be due to the low intrinsic 
electrical conductivity of active electrode materials.  Due to its inability to reach 
thermodynamic stability, Li ion battery suffers the side reactions problem at 
electrode–electrolyte interface. It has turned out that coating materials such as the 
carbon layers have the potential to improve the ionic or electronic conductivity, 
suppressing phase transition, increasing structural stability, decreasing the disorder of 
cations in crystal sites, reducing transition metal dissolution, acting as a HF scavenger 
to reduce the electrolyte acidity, favoring the formation of solid–electrolyte interphase  
film on the anode surface, and so on, electrode resistance, side reactions and heat 
generation during cycling are greatly decreased, which consequently leads to a 
remarkable improvement in cycle life, rate capability, reversible capacity, coulomb 
efficiency of the first cycle, and overcharge tolerance. Thus, the improvement of LIBs 
could be achieved by mastering the chemical stability and improving both ionic and 
electronic conductivity of any new electrode material beyond carbon with respect to its 
operating electrolyte medium.  
3. Investigate the nanoscale materials with controllable features 
From a scientific view, there is a demand on the fundamental studies to reveal the 
mechanism of electrochemical performance enhancement caused by nanostructures 
with different microscopic features (such as morphology, specific surface area, pore 
size, porosity and pore distribution and dimension). However, up to now, there is little 
knowledge on the mechanism and sequence of elementary steps associated with 
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charge and mass transport in the confined pores and channels.
3
 Thus there is an 
increasing urge to develop more sophisticated in situ characterization techniques to 
probe and map electrode surfaces.  Multi-scale modeling and simulations are another 
possible solution in the characterization techniques to gain critical insights into 
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